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Including physiology in life history thinking
!.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$( $  
"   $)(     $
again. There are many strategies that organisms can follow to opti-
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or demography (Ricklefs and Wikelski 2002). Moreau (1944) and 
Lack (19471 )  /      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1966, Ricklefs 1980, 2000, Promislow and Harvey 1990, Hayes et al. 
1992, Stearns 1992, Charnov 1993, Ricklefs and Wikelski 2002). It is 
)) 0")
 )"#($-
gevity (Cody 1966, Williams 19661!( 
" 
(Charnov 1993, Ricklefs 2000).
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" $  )
life history traits (Pearl 1928, Drent and Daan 1980, Wikelski et al. 
2003, Tieleman et al. 2004, 2006, Speakman 2005, Wiersma et al. 
2007). This results in a single dominant axis of covarying life his-
tory traits and physiology, commonly referred to as Pace-of-Life axis 
51996, Ricklefs and Wikelski 2002). Bird spe-
cies with a slow Pace-of-Life generally produce small clutches, have 
($$) (
low latitudes. Species with a fast Pace-of-Life generally produce large 
clutches, have short development times, short life spans and live at 
high latitudes (Promislow and Harvey 1990, Ricklefs and Wikelski 
2002, Tieleman et al. 2006, Wiersma et al. 2007). Biologists have put 
forward many explanations for the latitudinal trends in associated 
physiological and life history traits, including variation in food avail-
 "$#"  $-
tion, pathogen pressure and disease risk and seasonality of resources 
(Lack 1947, Ashmole 1963, Ricklefs 1980, 2000 -
hulst 1996, Cichon´ 1997, Speakman 2005). These explanations are 
 ( 
"( )$
)"/$056"1966, Gadgil and Bossert 
1970, Ricklefs 2000). 




physiological mechanisms are often proposed to play a part in the 
evolution of correlated physiological and life history traits (Ketterson 
et al. 1996, Ricklefs and Wikelski 2002 2010). The 
  & "&$"
in relation to reproduction (e. g. Drent and Daan 1980, Harvey et al. 
1991, Johnson et al. 2001, Speakman 2005, Tieleman et al. 2006). 

 "    "&$$-
 &  "$ )    % $
58 200714 "&$
for example when it has to raise a lot of young or to migrate over 
)$")%-
























1996, Ricklefs and Wikelski 2002, Martin et al. 2004, 2007, Tiele-
man et al. 2005, Hau et al. 20101,# 
and immune system exist. For example, the hormone corticoster-
 0"% " (
limited the variation in these systems that natural selection can act 
upon, one might expect that they have played a role in the evolution 
4# 
immune systems have resulted in the evolution of a single Pace-of-
Life axis is unclear. 
-  (      "
0  
   59-1 5  1990, Hayes et al. 1992, Wikel-
ski et al. 2003, Speakman 200519-/
" &$   $ $(   
the rest phase and at thermoneutral temperatures (King 1974). It is 
 (""&$  / 5"1987, 
Daan et al. 19901("5 1998, Nudds and Bry-
ant 20011( "5- 1988, Mueller and Dia-
mond 20011$"&$ "0 "
composition (Daan et al. 1990, Piersma et al. 1996, Tieleman et al. 
20031 )77,&54##
al. 2003, Tieleman et al. 2004, Wiersma et al. 2007). These proper-
ties make it a good measure for researchers interested in constraints 
among life history and physiology. 
Corticosterone is an important hormone related to self-maintenance. 
  $"" 0
)"$ (5$#"2000, Landys 
et al. 2006). Corticosterone increases rapidly when environmental fac-
:$ 54/1998). One 
of the properties of such a stress-induced corticosterone response is 
that individuals redirect their activities from those typical of the nor-
"5$1 ($""
"$((54/1998, Landys et al. 2006). Baseline 
    ) (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workloads, like during migration or feeding of young (Landys et al. 
2002, Bókony et al. 2009, Hau et al. 2010). Stress induced corticoster-
"$0 )($)
and the value of self-maintenance is high (Bókony et al. 2009, Hau et 
al. 20101$ (582010).

  "  $$    77,
&)51996, Ricklefs and Wikelski 2002). 
The immune system is a complex system, with many different com-
$) "$578$
	 2003, Lee 20061
" (
;  "   (   (
  " 578$	 2003, Janeway 
et al. 2004). Constitutive innate immune defenses provide the non-
$//
is an important part of immunity (Janeway et al. 2004, Buehler et 
al. 20081
  )$7
and trade-offs with other life history traits are thought to have 
$"$"5
1996 ,  2000, Tella et al. 2002, Martin 
2005). However, pathogen pressure may differ among environments 
(Guernier et al. 2004), and the value of immunity may not only de-
$7)" 5&-
pected) pathogen pressures (Horrocks et al. 2011). Geographical and 
seasonal variation in trade-offs with resource demanding life history 
traits together with variation in environmental factors, such as patho-
gen pressure, may have led to variation among species and seasons in 





Birds living at low latitudes generally have a slow Pace-of-Life, and 
  (  77,+ 
  #"  %  "  $"  
  + (   )  5
$  "1     
altering clutch size, migration distance, longevity and physiology. 


























ment. Depending on the location on earth, environments express a 
( "-
fall, temperature, pathogen pressure, photoperiod and many more 
factors (Nelson et al. 2002). 
Birds living in these environments may have evolved in such a way 
" ($""/$"
"(" 5-7#
and Hahn 2007, Helm 2009). Seasonality as a characteristic of the 
("%")5#1980, 
 "  1991). Seasonality in physiology is well studied in rela-
tion to reproduction and migration (Landys et al. 2002, MacDougall-
Shackleton and Hahn 2007, Bauchinger et al. 2008). Animals that 
($ ($""$-
 "(((&$
processes randomly (MacDougall-Shackleton and Hahn 2007). 
Environmental factors affect life history and physiology at different 
evolutionary timescales, and as a result variation in life history and 
$"" % & ("$




disentangled when raising organisms from different environments 
in a common environment (Turesson 1922, Gwinner et al. 1995a, 
Falconer and Mackay 1996). Such a common-garden experiment 
minimizes environmental components of variation, and highlights 
the genetic component of the adaptive response to different environ-
5 &1.1). When the experiment is restricted to closely-re-
 &     $    $-
ways are minimized.
Stonechats:  
a model species for answering evolutionary questions
$ )(-
ments and showing distinct life history variation (Urquhart 2002; 
15
 &1.21 $-
ing from four locations (Kazakhstan, Austria, Ireland and Kenya), 
#$    -&#  +" !-
dechs, Germany (Gwinner et al. 1987). Their environments of origin 
"$5$ "$-
ity) and the stonechats have associated life history characteristics (see 
 &1.2). When held in captivity stonechats display life history traits 
"$7( $<&$ $
maintain variation in clutch size, development time and timing of 
$=() $("5
1922, 
König and Gwinner 1995, Starck et al. 1995, Helm and Gwinner 




them ideal study species for researchers interested in the evolution of 
physiology and life history.
Variation among physiology  
and life history traits in stonechats
In chapter 2 of this thesis we take measurements of three physiologi-
"7 7(
 $- #) 
with life history traits such as clutch size and migration distance in 
stonechats (Klaassen 1995, Wikelski et al. 2003), and we use it as 
  77,4    7
corticosterone response and six measures of constitutive innate im-
munity commonly used in ecological immunological studies: Micro-
   " Escherichia coli, Staphylococcus aureus and 
Candida albicans  )   5
   2005, Millet et 
al. 20071  "  "  $
(Matson et al. 20051$  $
(Delers et al. 1983). We investigate how immune measures and cor-
 )   ) 
among or within systems at the individual level could have led to 
( $(
There are many studies investigating seasonality in energy expendi-
ture (for a review see McKechnie 20081   ) 


















tion, is largely unknown. This is essential knowledge when trying 
to link seasonality in energy expenditure to life history traits. Most 
 (     ( 
performed in temperate regions and only compare two seasons (e.g. 
migrating-non migrating or winter-summer; Cooper and Swanson 
1994, Cooper 2000, Kvist and Lindström 2001). There are a few 
studies that investigate variation in energy expenditure over more 
than two seasons (Piersma et al. 1995, Klaassen 1995, Zheng et al. 
2008>020111 #-
parison of annual cycles in energy expenditure among temperate and 
$ $3)( 
$"$%& "$9-4$-
cannual cycles of BMR among Kazakh, European and Kenyan stone-
chats housed under the same conditions. Additionally we measured 
"9-"  ) $5
 &1.21
($"$%& "9-)-
ured stonechats under different thermal regimes.
" (   (  "  -
""$ 
some ‘quiescent’ period (see Martin et al. 2008). Exceptions are Bue-
hler et al. (2008c), who studied immunity during a whole annual cy-
cle in captive red knots, and Pap et al. (2010 1)(-
" $ 
resource demands of many life cycle stages (e.g. migration (Owen and 
Moore 20061 51998), moult (Martin 2005)). 
However, additionally environmental factors such as pathogen pres-
   ( "   % " 5'
et al. 2011, Horrocks et al. 20111-(   $
()" 
pathogen communities (Møller and Erritzøe 1998). In chapter 4 we 
investigate variation in circannual patterns of indices of constitu-
(" $" )
chapter 3. Because of the different expression of life cycle stages and 
the differences in seasonality of the environments we would expect 
/  "    7( 
Because we measured captive stonechats under standard conditions, 
 (  $ )" 
 $) #
of circannual cycles in immunity.
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The size of an organism influences BMR within individuals over 
 ($ -
explained variation remains within and among individuals or spe-
cies when size is accounted for. Chapter 5 &$  $ 
(" )7 
some organs use more energy than others, and therefore organ size 
 $$&$(9-
(Daan et al. 1990, Konarzewski and Diamond 1995). Yet, there are 
 ()$ )
variation in BMR and organ size (Tieleman et al. 2003a, Russell 
and Chappell 2007). This leaves us with questions regarding the 
 )$)"
&$4  "  # $ -
tochondria (Rolfe and Brown 1997, Nichols and Ferguson 2002). 
9- "&"$-
gy that is gained through the oxidative chain reaction in the mito-

"$(# )
the cellular processes and whole animal BMR. Mitochondria are 
maternally inherited, and we could study the nature of heredity 
 9-  ) "    $  $ 56$-
ter 519" ) $("$
known. Therefore we know to which population the mothers (and 
1 
Evaluating sources of variation  
!(( $"
of BMR and indices of constitutive immunity we will now look in 
more detail at variation among species and individuals. In the follow-
ing chapters we will look at sources of variation in BMR among and 
within individuals. We will also investigate how complex and simple 
 "0(
that are used to measure immunity. 
	"&$( 5-
sen 1995, Tieleman et al. 2003a, Wikelski et al. 20031 
related to life history traits such as clutch size, which are known to 
  5'  1988, Godfray et al. 1991). However, the direct 
("&$ )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evaporative water loss are individual characteristics, a prerequisite for 
 "4())
(( &$ "& "
In chapter 2 and 4 we measured multiple indices of immunity. This 
stems from the fact that one immune index does not capture immu-
nity as a whole. The immune system is a complex system, and can 
 ( ( : 
;578$	 2003, Lee 2006). 
To capture the complexity ecological immunologists have started to 
measure multiple aspects of immunity (Martin et al. 2007, Buehler 
et al. 2008c, Pap et al. 2010 1
$$&-
$ $($$$"0
the multiple indices is challenging. In chapter 7 we investigate how 
to use multivariate and simple statistics to meaningfully summarize 
multiple indices of immunity in an ecological context.
Finally, in chapter 80/)
have gained from this thesis. I indicate what we have learned and 




The Max Planck Institute for Ornithology had a successful history of keep-
  $(
a common garden set-up. Common garden experiments have their origin 
("$ "5
1922, Clausen et al. 19401 
);" "5')1995a, Klaas-
sen 1995, Martin et al. 2004)=#2006). In common 
&$   5 1$     
environment. This is a useful set-up for investigating what proportion of 
$"$( )5 1$ (/ 
  #5<-#"1996, Merilä and 
Sheldon 200118)((  (
  --
ternal effects (e.g. investment in the egg) and the environment of the nest 
may also play a role in the development of the chick (Falconer and Mackay 
1996, Merilä and Sheldon 2001). By hand-raising chicks from different 
nests and species together, Gwinner and colleagues minimized the en-
vironmental effects during development (Gwinner et al. 1987). Another 




A common garden experiment has the requirement that the environ-
 $

)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thesis were kept at 20°6 "    " % 	-
ropean day-length. A common garden set-up also gives researchers the 
$$" $   
exposed to. I used this opportunity to look for the effects of temperature 
on physiology. I kept European stonechats under the standard condi-
tions (20°C and European day-length) and under European day-length 
"( $
$) 
average temperature that free-living European stonechats are exposed 





















Stonechats (Saxicola torquata $$1$ 
 (( $ $ 
many environments over a wide range of latitudes in Eurasia and Af-
rica (35oS-71oN; Urquhart 2002). All through their range their typi-
  $ $  -
 ("  $ )   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2008). However, I will refer to the stonechats from different locations 
 $
Until recently, the Max Planck Institute for Ornithology in Andechs, 
'"$( $ "
	 ')"1980s. The stonechats 
"  $*0# 
stonechats (S. t. maura), European or Austrian stonechats (S. t. rubi-
cola), Irish Stonechats (S. t. hibernans) and Kenyan or African stone-
chats (S. t. axillaris1-" ()   $(" 
)#/)"





ner et al. 1995a, König and Gwinner 1995, Helm et al. 2009, Helm 
200910#$ 
short time, from early May to end of August, during which they lay a 
)(/(7& ;"
moult (Helm 2002). Thereafter they migrate over long distances to 
Iraq, Iran, Afghanistan, Pakistan, northern India, the Middle East, 
! 7!5;2002, Raess 
20081	$$ 
-  $ ) " " )  
)(/(582002). After moult they mi-
grate short distance to southern Europe and Northern Africa(Helm 
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winter in Spain and northern Africa (Helm 2002, Urquhart 2002). 
" " )/("
  "   
rainy season, with the precise timing depending on the rains. They 
lay one clutch with three eggs per year (Helm 2002, Urquhart 2002). 
4 $#$
5 &1.11"$"0 
 (5')1995a, König and Gwin-
ner 1995, Klaassen 1995, Wikelski et al. 2003, Tieleman 2007, Helm 














1995), moult (Helm and Gwinner 1999), clutch size (Gwinner et al. 
1995a) and circannual rhythms (Helm et al. 2009).
" ( #
of physiological traits. I will refer to the two different lines as Kazakh 
&	$	$&"" -
script. Only in chapter 5" !&	$
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$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!
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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$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%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
sex of the parents in this chapter (e.g. Asian x European have Asian 





traits fall on a single Pace-of-Life axis?  





  $  $"     -






thought to restrict evolutionary potential. In that case, physiological 
traits should covary in the same fashion at the levels of individual 






rate covaried with two indices of immunity at the individual level, 




onstrate that links among physiological traits are loose and suggest 




strategies is thought to fall on one dominant slow-fast axis, with low 
$(   $  )    
end, and the opposite traits at the other end (Promislow and Har-
vey 1990, Ricklefs and Wikelski 2002). This single dominant axis 
 $(0
studies that include a wide array of different species (Promislow 
and Harvey 1990, Ricklefs 2000) to those that investigate among-
individual variation within a single species (Johnson 2000, Ricklefs 
2000, Tieleman et al. 2005). Traditionally, most studies connecting 
"$""0( -
ic rate (e.g. Pearl 1928, Drent and Daan 1980, Ricklefs and Wikelski 
2002, Wikelski et al. 2003, Speakman 2005, Tieleman et al. 2006), 
  "   "    "
( 7@77,$$(.)
51996, Ricklefs and Wikelski 2002, Tieleman 
et al. 2005, Lee 20061
 ()-
$" " 5    1
"#5 -	)1997, Lochmiller 
 2000, Speakman 2005, Landys et al. 2006), in ad-
$")  )$-
tive effort and adult self-maintenance that characterizes the Pace-
7,&9$""$ )
organism and environment, Ricklefs and Wikelski (2002) suggest 
that the organization of physiological mechanisms may constrain 
($( "-
ry variation. Constraints at the individual level would result in lim-
ited evolutionary potential (Lande 1979, Schluter 1996, Duckworth 
20101A& (
This requires measurements of all three physiological systems in 
comparative contexts.
When evaluating whether and how physiological constraints play a 
role in shaping life history variation, patterns of covariation of traits 
at different levels of organization can provide complementary in-
sights. If the connections among physiological mechanisms have 
restricted the independent evolutionary potential of physiological 
traits, one might expect that these traits covary in the same way 
































among traits differ within and among species, then links among 
physiological mechanisms are unlikely to act as constraints on life 
" ( $ $    -
relations among traits at the individual level would strongly indicate 
that traits are not forced to covary through mechanistic connections. 
The presence, on the other hand, of a strong correlation among traits 
at the individual level does not necessarily confirm the existence of 
$"( -
f lect individual condition or quality. Finally, patterns of covariation 
among individuals can also stem from environmental conditions 
("( $"-
ing in different patterns of covariation within and among species 
(Lande 1986, Duckworth 2010). Therefore, in studies of the physiol-
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considered as well.
Environmental conditions affect life history and physiology at dif-
ferent evolutionary timescales, and as a result variation in life his-
tory and physiology reflects a mixture of different evolutionary phe-
nomena. These phenomena include phenotypic plasticity, genetic 
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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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at least largely, disentangled when raising organisms from differ-
ent environments in a common environment (Falconer and Mackay 
1996). Such a common-garden experiment minimizes environmen-
tal components of variation, and highlights the genetic component 
of the adaptive response to different environments. When the ex-
periment is restricted to closely-related taxa, effects of historical 
pathways are minimized.
Stonechats (Saxicola torquata) are an ideal study system to address 
evolutionary questions related to variation in life history, physiol-
"  (     )$ $
((" )7(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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5
 2.1), and their ease of 
handling and acclimation to captivity (Gwinner et al. 1995a, Raess 
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1995a, 
König and Gwinner 1995, Klaassen 1995, Wikelski et al. 2003, 
Tieleman 2007, Helm et al. 2009, Tieleman et al. 2009a, Helm 
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dominant Pace-of-Life axis. However, the stonechat immune system 
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common-garden set up allowed for a powerful integrative study of 
physiology and life history.
In this study, we evaluate the hypothesis that variation in immune, 
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kept in a common garden. We then explore if physiological con-
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1-2 3-4 2-3 1
   
 
3 5 5 6
   related to  
rainy season
early April-August mid April-August late May/June
Table 2.1 – Life history traits of the studied stonechat subspecies. Kenyan stonechats have a slow Pace-
of-Life, Kazakh stonechats have a fast Pace-of-Life and Irish and European stonechats have intermediate 































Tieleman et al. 2009a).
Methods
Birds and measurement period
$)$ -
ing from 71°N to 35°S (Urquhart 2002). We studied four geographi-
" $*"S. torquata axillaris, 
the Irish S. torquata hibernans, the European S. torquata torquata, 
and the Kazakh S. torquata maura. Kenyan stonechats have a slow 
Pace-of-Life, Irish and European stonechats have an intermediate 
Pace-of-Life, and Kazakh stonechats have a fast Pace-of-Life (see Ta-
 ; Klaassen 1995, Wikelski et al. 2003). We took measurements 
from a total of 1237 5-&#+-
"!'"16$(  )5B31), 
)5B3615B23) generations removed from the wild. Wild 
 5B331)#/(-
stitute and hand-raised (Gwinner et al. 1987). All individuals were 
fully grown and ranged in age from 0-12 years; most individuals 
were 0-4"5B109). Birds were housed individually in cages. 
Eight to fourteen cages were placed in rooms that were maintained at 
constant temperature (20-22C61/*#"-
cle, which matched natural day length of the European population in 
winter at 40°N. We measured multiple innate constitutive immune 
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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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 $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  " 14 Kenyan, 16 Irish, 19 European and 15 
0# <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  "
5 )1)26 European and 2 Kazakh 
52008, Tieleman et al. 
2009a) to the data set. We measured corticosterone concentrations in 




Baseline and stress-induced corticosterone levels
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30 minutes, after which 
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13.00 
and 14.30 hr (Joseph and Meier 1973). Blood was kept on ice and cen-
trifuged within 90$< $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Samples were analyzed using radioimmunoassay protocol of Goy-
mann et al. (20061 
 & /)90% ± 4% for 
  $  91% ± 5% for stress-induced samples. Each 
sample was measured in duplicate. Intra- and inter-assay variations 
were 3.1% and 18.8%, respectively; the detection limit was 0.06 ng/
  7
Indices of constitutive immunity
Microbicidal capacityE4  " 
against three microorganisms: Escherichia coli, Candida albicans and 
Staphylococcus aureus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 )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 )
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ing Tieleman et al. (2005) and Millet et al. (20071 #
  " $ 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   " E. coli 
and C. albicans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)5
2010). Micro-
  "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$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reconstituted lyophilized pellets of S. aureus (Epower Microorganisms, 
ATCC #6538 MicroBioLogics #0485E7, MicroBioLogics, St. Cloud, 
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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Tieleman et al. (2010). We added 30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75 
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Complement and natural antibodies E 4    -
ples within one hour after collection to separate plasma and cellular 
fractions; we stored the plasma at -80°C until further analysis. We 
;/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 "$(" )
7""  "-52005) 
) /    " -#   52005). We scored 
hemagglutination and hemolysis titers as the last well at which the 
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partial agglutination or lysis were assigned half scores. All scoring 
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5-!1
HaptoglobinE4$ $
with a commercial kit following the manufacturer’s instructions 
(Tridelta Development Ltd., Maynooth, Ireland). The kit colori-
";  $ 4&
plasma and reagents in 967)$  
at 630 nm after 5 minutes using a Molecular Devices Spectra Max 
340 plate reader.
 
Body mass and metabolic measurements
Respirometry equipment and setup, measurement protocol and data 
"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  ) 5
 2007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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5B1) times. 
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Statistical analyses
We used the program R 2.8.0 for all statistical analyses (R develop-
ment core team 200814  & $ (  
"$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E. coli 
was left-skewed and transformed to the power of seven. After trans-
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transformed and untransformed data and found that transforma-
tion of the data did not affect the significance of fixed effects. First 
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corticosterone concentrations and indices of constitutive immu-




Comparing each physiological trait separately among subspecies – For 
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per individual and we used linear models (lm in R). For the other 
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used mixed effect models with individual as random effect (lme in 
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tion with P < 0.05 as selection criterion (Crawley 2007).
Because immunological indices (Matson et al. 2006 9
2008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1992) can 
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solution as a covariate. To determine if there was an effect of stress 
on corticosterone concentration, we used an additional mixed effects 
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from transformed and untransformed data did not differ and we 
only report results from untransformed data.
Covariation of physiological traits among subspecies – By correlating 
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stitutive immunity, we performed a discriminant analysis on the six 
immune measures (lda in R; package MASS). Discriminant analysis 
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ings on the same discriminant function indicate covariation (Craw-
ley 2007). We correlated the resulting discriminant functions with 
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each trait separately, not taking into account how the values covary 
among individuals. This may lead to differences in the results of the 
two methods.
Covariation of physiological traits among individuals – To investigate 
( (-
)"(( $




ces, we performed a varimax rotated principal component analysis 
(PCA) on the residuals of the immune indices (principal in R; pack-
age psych). High loadings on the same principal component indicate 
( ;")7$/9-
with the principal components with an eigenvalue larger than one. 




When we compared each physiological trait separately among the 
 $)$(*
one that did not correspond with the stonechats’ Pace-of-Life varia-

/$)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Figure 2.1 – Residuals of immune indices of four subspecies of stonechats. Microbicidal 
capacity of blood against (A) E. coli, (B) C. albicans and (C) S. aureus (D) hemagglutination, 
(E) hemolysis and (F) haptoglobin concentration in plasma. The residuals are calculated 
from linear models with covariates and all signiﬁcant ﬁxed effects except subspecies. Bars 
and whiskers refer to mean values ± standard error. Letters refer to signiﬁcant differences 
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and Irish or European showed the highest or lowest values compared 
) $$$7)
Pace-of-Life continuum (Figure A-E). Although the pattern 
);("$&$$ 
 ) $)""
   $" E. coli 5
 
, Figure A and E). The second pattern, which did corre-
spond to Pace-of-Life, consisted of a gradual change from Kenyan to 
	$0#$ 5
Figure F), stress-induced corticosterone levels (increase, Figure 
91  " 5 <C) and mass-specific BMR 
(increase, Figure E). In other words, for these indices the Ken-
"0# $
	$ $)!$)




To explore patterns of covariation of physiological traits at the level 
 $))
7$/9-77,5<). We 
  $.   7$/ 9- ) 
( 7
-7$/ 9- )  /"  ) 
 (5B1.12B1B0.47), nor, de-
spite the positive trend, with residual stress-induced levels of corti-
5B5.50B1B0.11) (Figure A). When we used 
) (       
)/$(5B25.85B1B0.02). Discrimi-
 "       /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 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Irish and European stonechats had intermediate values, a result con-
sistent with the Pace-of-Life hypothesis (Figure B). The correla-
/ ) / 7$/9-
)" / 5 B3.50  B2  B0.07). Because 
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)(  "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Figure 2.2 – Residuals of (A) baseline and (B) stress-induced corticosterone, 
(C) body mass, (D) BMR and (E) mass-speciﬁc BMR of four subspecies of stone-
chats. Residuals are calculated from linear models with covariates and all signiﬁ-
cant ﬁxed effects except subspecies. Bars and whiskers refer to mean values ± 
standard error. Letters refer to signiﬁcant differences among subspecies. Num-








































































































































Figure 2.3 – Subspecies level correlations between (A) residual baseline (black 
circles) and stress-induced (grey circles) corticosterone and (B-D) the three discri-
minant functions of constitutive immunity and the indicator for Pace-of-Life, mass-
speciﬁc BMR. Residual corticosterone is calculated from linear models with covari-
ates and all signiﬁcant ﬁxed effects except subspecies. Dots and whiskers refer to 
mean values ± standard error. P-values of the correlation are shown in the graphs. If 
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E. coli, 
C. albicans and S. aureus 5




the second and third functions. 
The principal component analysis at the level of individual revealed 
grouping of physiological traits that was different from the result at 
( $5
  versus
 ). The first prin-
ciple component was highly correlated with hemagglutination and 
hemolysis. This principal component showed a significant negative 
)7$9-5B72.45B44B0.02) 
(Figure A). The second principle component explained most of 
(   $"E. coli and C. albi-
cans. The third principal component explained most of the vari-
   $" S. aureus $ 
5
 ). These two principal components did not significantly 




did not fall on a single dominant Pace-of-Life axis in stonechats, nei-
   $  ( 5<, Figure 
). Our finding that patterns of covariation of immune, endocrine 
   )  (  $
( $$"$-
  )  $" "   (-
  $"   "     77,
(Ricklefs and Wikelski 2002). In our study, covariation among some 
physiological traits at the level of individual is present and points 
to potential     5  )1
however, find that these same traits can also vary independently of 
each other. Synthesizing results among studies, we therefore con-
clude that the phenomenon of a single Pace-of-Life axis does not 
37
  F 1 F 2 F 3
H 0.757 -0.067 0.223
H -0.097 -0.374 0.388
H 0.101 0.290 0.131
M        
E. coli 0.125 -0.714 0.474
C. albicans -0.071 0.249 0.905
S. aureus -0.180 0.106 0.188
E 0.50 0.32 0.06




2 29.72 13.45 2.44
.. 18 10 4
P- 0.04 0.20 0.66
Table 2.3 – Results of the discriminant analysis of six measures of constitutive immune function among 
four subspecies of stonechats from different environments.
 – The highest loading for each physiological trait shows to which function that trait contributes 
the largest explanatory value (compare values within rows, highest value is bold). Signiﬁcance of each 
discriminant function indicates whether that function can be signiﬁcantly discriminated among subspe-
cies. High loadings on the same discriminant function indicate correlation between physiological traits.
 ($" !$  -
tive hypothesis is that environmental factors select sets of covarying 
physiological traits and life history characteristics, potentially lead-
ing to constrained evolution. Other environmental factors might se-
lect traits (e.g. immune and endocrine) which do not covary with life 
history characteristics.
Physiological variation among subspecies
We found that only some physiological traits covaried with Pace-
7,  ( $$(
  #  )  "     
5
 ), we used mass-specific BMR as an index for 
Pace-of-Life (Klaassen 1995, Wikelski et al. 2003, Tieleman et al. 
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  )  )77,  -
mone’s role in favoring self-maintenance over current reproduction 
(Wingfield et al. 1995, Wikelski and Ricklefs 2001). Our results do 
not support this prediction: concentrations of corticosterone were 




( 5-2005, Bókony et al. 
2009, Hau et al. 2010) or stress-induced corticosterone concentra-
tions (Martin et al. 200517($ $$$-
lations. However, other studies, including one on free-living stone-
   541995, Silverin 
et al. 1997, Breuner et al. 2003, Goymann et al. 2006, Bókony et 
al. 20091 $$  "$0 # )
corticosterone concentrations with a slower Pace-of-Life. A third set 
$ )-
tions and Pace-of-Life characteristics (Breuner et al. 2003, Lind-
ström et al. 2005, Hau et al. 2010). Therefore, we conclude that the 
corticosterone response does not overlay the single axis of variation 
fitting with the Pace-of-Life syndrome. 
9)  $)77, /
 599)2004, Lee et 
al. 2008, Horrocks et al. 20111 $)()
no clear covariation among constitutive immunity and their Pace-of-
,4&)"0$"$ )
only index that covaried with Pace-of-Life. When immune indices 
were collapsed in a discriminant analysis, only hemagglutination co-
varied with Pace-of-Life. Earlier studies that measured constitutive 
"77,) 
$!$ $))77,
   " E. coli than species with a 
fast Pace-of-Life (Tieleman et al. 2005). In contrast, a population of 
Garter Snakes (Thamnophis elegans) with a slow Pace-of-Life had 
)   " E. coli than a fast-living popula-
tion (Sparkman and Palacios 2009). The slow-living population also 
had comparatively lower hemagglutination and hemolysis titers. In 
$/"(Peromyscus mice species life history 
"))  " E. coli or 
with other immune measures (Martin et al. 2007). Investigations of 
39
  P1 P2 P3
H 0.836 -0.092 0.042
H 0.849 0.168 0.093
H 0.183 0.444 -0.625
M  
E. coli 0.268 0.720 -0.135
C. albicans -0.213 0.822 0.130
S. aureus 0.297 0.200 0.789
E 1.66 1.47 1.06




Table 2.4 – Results of principal component analysis after varimax rotation for constitutive immune 
indices of individual stonechats pooled across the four subspecies.
 – Loadings on the ﬁrst three principal components (’s) had an eigenvalue larger than 1. Loadings 
larger than 0.50 are bold. Variables are correlated if they have a high loading on the same .
induced immune responses in a Pace-of-Life context also show mixed 
results (Tella et al. 2002, Ardia 2005, Palacios and Martin 2006, 
Martin et al. 20071+(    $  
our study and previous studies suggest that variation in immune 
 &   "  &    "
align with a single Pace-of-Life axis. 
Physiological variation among individuals
!  7( 5)  $1 ( "-
glutination and hemolysis were associated with Pace-of-Life. That 
"/$$$
( )7$/ 9- 5<  
  ). Studies 
( )( -
nity and Pace-of-Life characteristics at the individual level are still 
&)/
Tieleman et al. (20051$  " E. coli 

























































































































Figure 2.4 – Individual level correlations between the indicator for Pace-of-Life, 
mass-speciﬁc BMR and (A) PC1, (B) PC2 and (C) PC3 resulting from the principal 
component analysis on indices of immunity. The y-axes are labeled with the indi-
ces that had the highest loadings on the PCs. Mass-speciﬁc BMR was statistically 
corrected for subspecies. Correlation coefﬁcients are calculated with pooled sub-
species, but subspecies are represented by different symbols. Signiﬁcance of the 
correlation is shown in the graphs and if the correlation was signiﬁcant (P < 0.05) a 
regression line was drawn.
41
  "E. coli$ 5Lamprotornis 
superbus). Ots and Horak (1996) found that great tits (Parus major) 
)  (($:"$"
$)) (-
gesting a decrease in health status. Investigations of induced immu-
nity and Pace-of-Life characteristics at the individual level also lead to 
equivocal results (Nordling et al. 1998, Ilmonen et al. 2003, Apanius 
 20061 $( $-
$ "(" )
and Pace-of-Life characteristics implies that at the individual level 
 $D"$"("
the Pace-of-Life axis. 
! "$ -
tween immunity and Pace-of-Life, the correlations among immune 
indices, which we identified at the individual level, may still rep-
resent constraints within the immune system. Constraints could 
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these correlations represent universal physiological constraints (i.e. 
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expect to find the same correlations in other species. Red knots 
(Calidris canutus) and several species of waterfowl show the same 
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al. 2006a, Buehler et al. 2008 2008c, 2011). Furthermore, these 
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hemagglutination, interact functionally with lytic enzymes, like 
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ernagel 2000, Janeway et al. 2004). However, there are also two 
$ )-
nation and hemolysis (Mendes et al. 2006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2009), 
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ate, at least partly, independently from each other. Of three studies 
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E.coli and C.albicans are 
correlated in only one (Buehler et al. 2008 2008c, 2009). In previ-
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correlations that we identified among immune indices at the level 
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sult from physiological constraints.
Evolutionary consequences
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determine the potential presence and role of physiological con-
straints in explaining the Pace-of-Life phenomenon, we validate 
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tems do not. Therefore, if physiological constraints limit the evo-
lutionary potential for variation in life history traits (Sheldon and 
1996, Ricklefs and Wikelski 2002, Lee 2006, Hau et al. 
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lar mechanisms of aging (Speakman 2005, Dowling and Simmons 
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explain the covariation among traits that characterize the Pace-of-
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tems, covaries with a more general life history (slow-fast) axis. On 
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2003 2004)) might covary with factors that impact demographic 
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on clutch size or mortality (Ashmole 1963, Chalfoun and Martin 
2007' 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2010, Biancucci and Martin 2010)). In this 
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presence of constraints. On the other hand, environmental factors 
that impact immune system (e.g. pathogen pressure (Guernier et 
al. 2004, Buehler et al. 2008 8#2011)) or endocrine 
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mographic life history traits. We therefore advocate including envi-
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and the immune and endocrine systems. 
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characteristics of their seasonally changing environments. Annual 
cycles in physiology can result from phenotypic plasticity or from 
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lines. Birds were kept in a common garden set-up, under annually 
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whether stonechats use the proximate environmental factor tempera-
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Temperature treatment did not affect the shape of the annual cycles 






response to proximate environmental cues. 
Introduction
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2008, Swanson 2010) and have repercussions for 
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er and Swanson 1994, Kvist and Lindström 2001, Wikelski et al. 
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Klaassen 1995, Zheng et al. 2008>0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2011). The variety of 
patterns emerging from these studies indicates that annual cycles in 
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Swanson 1994, Cooper 2000, Dawson 2003). Temperate or arctic 
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variation (Bush et al. 2008, Maldonado et al. 2008, Doucette and 
Geiser 2008), an increase (Chamane and Downs 2009), or a decrease 
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iture (Daan et al. 1990, Nilsson 2002, Tieleman et al. 2008) make it 
an interesting trait for researchers studying seasonal variation.
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1999, 
Tieleman et al. 2003a, Broggi et al. 2007, Swanson 20101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1995, 
Ricklefs and Wikelski 2002, Wikelski et al. 2003>0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2007). 





environments and not to others (Piersma and Drent 2003, Hahn and 
MacDougall-Shackleton 2008). Alternatively, or superimposed on a 
genetically orchestrated pattern, annual cycles in BMR could result 
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2003, 
Hahn and MacDougall-Shackleton 20081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vironmental conditions that they encounter. Whether annual cycles 
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environments in a common environment (Turesson 1922, Gwinner et 
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the species. Additional means to investigate genetic and phenotypi-
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Stonechats provide an ideal study system to address evolutionary 
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on extensive knowledge from previous studies of their physiology 
and life history. Stonechats, widespread small passerines (Urquhart 
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cles and life history traits (Gwinner et al. 1995a, König and Gwinner 
1995, Helm et al. 2009, Helm 20091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Figure 3.1 – A schematic graph of how annual variation of a certain measure can 
show differences in variability or shape or both. In panel (A) the gray subspecies 
shows annual variation that has larger variability than the white subspecies, but that 
has a similar shape; in panel (B) the grey and white subspecies show annual varia-
tion that has a similar variability, but they differ in shape; in panel (C) the subspecies 
show annual variation that differs in both variability and shape. Letters refer to life 
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König and Gwinner 1995, Helm et al. 2009, Helm 2009). Studies of 
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1995), or under common housing conditions (Wikelski et al. 2003, 
Tieleman 2007). In addition, repeated measures, inclusion of pedi-
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al cycles (Gwinner et al. 1995 1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regulate or downregulate BMR in different life cycle stages, resulting 
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Stonechats (Saxicola torquata) originated from three different loca-
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generally one clutch with three eggs (Helm 2003). Birds were from 
/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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raised at the Max Planck Institute for Ornithology, Andechs, Ger-
"  # 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 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7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5B32) (Gwinner et al. 1987). In addition to 
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 $5B21). All individuals were fully grown, ranging in age 
from 0 to 12" ()0 to 4"5B128). 
Treatments 
Birds were housed with 8-12 individuals per room and individuals 
were kept in separate cages. They were housed randomly assigned to 
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consisted of year-round constant temperatures of 20-22°C and day 
length following natural day length of the European population. In 
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$ 5B14) under a weekly changing temperature regime, that 
mimicked the average natural temperature cycles of free-living Euro-
pean stonechats (Figure ).
Measurements 
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during the night (Helm et al. 20051)) "-
7 4/);$
      $  
)$    "$"-
"$$ ("$-
$ 5')1995 8










































 "4"6 to 17 individuals per life cycle 
$$#$9 -
)52008, Tieleman et al. 2009a) 
$0)5	$B45, European 
&"" B21). We measured 7 to 13 individuals per life 
"	$#$( $
Statistical analysis
We used R version 2.8.0 for statistical analyses (R development core 
team 20081   ) "   5(7
Smirnov D < 0.09, P > 0.10), and we used mixed effects models for 
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an stonechats with models including treatment, life cycle stage, sex, 
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group separately (Figure ). We compared the variances in a pair-
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Figure 3.2 – Annual variation of (A) body mass and (B) BMR and (C) mass-spe-
ciﬁc BMR of Kazakh, European and Kenyan stonechats, and Kazakh x European 
and European x Kenyan hybrid lines. Stonechats were kept at constant tempera-
ture and annually ﬂuctuating day length. Bars represent means ± standard errors 
of residuals of a linear model with subspecies as ﬁxed effect. Letters represent life 
cycle stages; S=spring migration, B=breeding season, M=moult, A=autumn migra-











































Genetic differences in annual cycles of mass and metabolism
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of stonechats kept in a common environment (2 >38.59B16, P 
< 0.001D
 A; Figure ).
Comparing subspecies in a common environment
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ing, moult and winter. European stonechats were also heavier in the 
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these life cycle stages were less pronounced and not significant (Ap-
pendix 1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ure B, Appendix ). Kazakh stonechats had a relatively high 
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In contrast, in European stonechats BMR was not elevated dur-
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 $5<C, Appendix ) with for Kazakh stonechats 
low values during spring and especially autumn migration, and high 
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during autumn migration. The other life cycle stages did not differ 
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Comparing hybrids with parent lines
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). Body mass of Kazakh x Eu-
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was similar to that of European stonechats, lacking the pronounced 
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European stonechats during spring migration, Kenyan stonechats 
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able 3.2 – Variance of estim
ates over the ﬁve life cycle stages and overall subspecies m






azakh, European and Kenyan stonechat and tw
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ifferent letters indicate signiﬁcant differences (P < 0.05).
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close to values of European stonechats during spring migration and 
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moult and low during autumn migration, a similar shape as Kenyan 
stonechats (Figure 61  $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When comparing European stonechats kept at constant temperature 
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 B), we found that mass-
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Figure 3.3 – (A) Annual variation in temperature in standard and variable tempera-
ture treatment groups. The dotted line represents the temperature birds were ex-
posed to, the solid lines the measurement periods. (B) Body mass (C) BMR and (D) 
mass-speciﬁc BMR of European stonechats kept at standard and variable tempera-
ture treatments and measured during ﬁve life cycle stages. Bars represent means ± 
standard error of the residuals of a linear model with treatment as ﬁxed effect. Let-
ters represent life cycle stages; S=spring migration, B=breeding season, M=moult, 



































using post-hoc tests comparing life cycle stages with each other per 
treatment, and found that the difference occurred in the autumn mi-
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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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temperature had a BMR close to the treatment group’s average, while 
stonechats kept at constant temperature showed a relatively low value 
(Appendix 14#( "9- 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Because different temperature regimes can also result in overall dif-
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also explored for each life cycle stage if treatment groups differed from 
each other. During spring migration (2B3.87B1B0.049) and 
autumn migration (2B12.49B1, P < 0.001) stonechats kept at 
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modest variation superimposed on the genetic program.
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Kazakh, European and Kenyan stonechats indicates that these cycles 
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characteristics (Daan et al. 1990, Ricklefs and Wikelski 2002). One 
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ter larger environmental differences during the year or that vary their 
work levels more during the year. Because it is challenging to provide 
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could explain the annual cycle differences among stonechats. Because 
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est clutch and migrate the longest distance (Raess 2008), we expected 




distance (Helm 2003). Free-living Kenyan stonechats may experience 
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Kenyans would have evolved the least, Europeans intermediate and 
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stages, such as migration and moult. This may indicate that environ-
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life cycle stage demands play important roles in the evolution of the 
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gration periods are commonly found in many captive and free-living 
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2007). The result of a lower 
BMR during autumn than during spring migration is also found in 
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in the arctic (Lindström 1997, Kvist and Lindström 2001). BMR de-
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1996, Piersma et al. 1999, Dietz et al. 1999, Tieleman 
et al. 20031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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more urgent) than autumn migration (Pearson and Lack 1992), and 
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reproductive organs, see Bauchinger et al. 2005), leading to a differ-
ence in BMR in the two migration periods.
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cies. Klaassen (1995) showed that Kenyan stonechats had a higher 
total plumage mass, and a shorter duration of moult, than European 
stonechats. Related, Tieleman (2007) found that the insulation of 
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of feathers produced per day (Dietz et al. 1992, Lindström et al. 1993). 
Therefore, our results support Klaassen’s (1995) hypothesis of a higher 
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cycle stages in Kenyan than in European stonechats. 
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density and mitochondrial function (Daan et al. 1990, Tieleman et 
al. 2003a, 2009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2005, Zheng et al. 2008), that 
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tures (Swanson and Olmstead 1999, Broggi et al. 20071>0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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(e.g. high and low temperatures) that knots face during the annual 
cycle, a fact that may also apply to temperate resident species (Swan-
son and Olmstead 1999, Broggi et al. 2007). Free-living European 
stonechats may keep their thermal environment relatively constant 
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ter in southern Europe and northern Africa, where winters are mild 
(Helm 20031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A K K  E
  ||- P   ||- P  
B        
  –  4.335 <0.001**   1.418 0.61  
 –  0.062 1.00 1.265 0.71
 -   3.748 0.002** 7.042 <0.001**
  –  5.012 <0.001** 5.571 <0.001**
 -   5.988 <0.001** 0.959 0.87
  –  4.558 <0.001** 2.837 0.04*
 -   3.304 0.008** 5.11 <0.001**
 –  0.888 0.90 2.169 0.19
  -   1.529 0.54 3.876 0.001**
 –  0.698 0.96   0.619 0.97  
BMR
  -  1.300 0.69   0.421 0.99  
 -  2.348 0.13 1.472 0.58
 -   1.869 0.33 0.302 1.00
  -  2.014 0.25 0.589 0.98
 -   1.109 0.80 0.991 0.86
  -  0.880 0.90 1.119 0.80
 -   4.016 <0.001** 1.828 0.36
 -  0.107 1.00 0.224 1.00
  -   2.486 0.09 1.481 0.57
 -  2.733 0.047*   1.370 0.65  
- BMR
  -  3.209 0.01*   1.305 0.69  
 -  2.298 0.14 0.591 0.98
 -   3.837 0.001** 3.795 0.001**
  -  4.996 <0.001** 3.045 0.02*
 -   1.975 0.27 0.285 1.00
  -  1.210 0.74 0.746 0.94
 -   5.702 <0.001** 4.093 < 0.001**
 -  0.667 0.96 1.118 0.80
  -   2.048 0.24 2.910 0.03*
 -  1.985 0.27   1.650 0.46  
63
E E  K K
||- P   ||- P   ||- P
        
0.676 0.96   0.354 1.00   1.807 0.37
2.799 0.04* 1.086 0.81 0.645 0.97
1.809 0.36 2.658 0.06 4.444 <0.001**
1.244 0.72 1.978 0.27 2.854 0.03
2.348 0.13 0.516 0.99 0.631 0.97
2.572 0.07 1.308 0.68 2.452 0.10
0.942 0.88 1.572 0.51 3.8 0.001*
0.988 0.86 1.128 0.79 2.105 0.22
0.435 0.99 1.027 0.84 1.993 0.27
2.524 0.08   0.14 1.00   1.385 0.64
0.642 0.97   2.373 0.12   1.045 0.83
2.903 0.03* 1.657 0.45 4.446 <0.001**
0.195 1.00 2.187 0.18 4.397 <0.001**
2.867 0.03* 2.176 0.18 1.578 0.51
1.288 0.69 1.387 0.63 0.452 0.99
3.998 <0.001** 0.915 0.89 3.401 0.006**
2.633 0.06 0.530 0.98 0.048 1.00
3.219 0.01* 0.415 0.99 3.391 0.006**
3.654 0.002** 2.840 0.04* 0.996 0.86
0.326 1.00   1.548 0.53   1.633 0.47
0.653 0.96   1.4920 0.56   0.625 0.97
0.078 1.00 2.2420 0.16 3.608 0.003**
1.255 0.71 3.8760 < 0.001** 6.368 <0.001**
3.007 0.02* 3.5380 0.003** 3.252 0.01*
1.264 0.71 0.3230 1.00 0.832 0.92
0.560 0.98 0.4780 0.99 4.232 <0.001**
1.158 0.77 1.6350 0.47 2.760 0.045*
1.564 0.51 1.0230 0.84 3.964 <0.001**
1.967 0.28 2.9300 0.03* 2.136 0.20






































||- P ||- P
        
  -  0.642 0.97 0.492 0.99
 -  2.903 0.03* 2.55 0.08
 -   0.195 1.00 1.872 0.33
  -  2.867 0.03* 0.758 0.94
 -   1.288 0.69 2.375 0.12
  -  3.998 <0.001** 3.644 0.002**
 -   2.633 0.06 0.745 0.94
 -  3.219 0.01* 1.142 0.78
  -   3.654 0.002** 1.431 0.60
 -  0.326 1.00 1.473 0.58
Appendix 3.1 – Statistics of pair-wise post hoc tests between life cycle stages (A) 
per subspecies and hybrid line and (B) per treatment group. The effect of the in-
teraction life cycle stage*treatment was not signiﬁcant for body mass and mass-
speciﬁc BMR in European stonechats kept at different temperature treatments. 







of annual variation in constitutive immunity: 
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function, a physiological trait important in life history evolution, is 
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demands and environmental factors. We tested the hypothesis that 
constitutive immunity is adapted to environmental seasonality, re-
sulting in different genetically encoded annual cycles in different en-
vironments. We studied these annual cycles in continental long-dis-
tance migrant Kazakh, temperate short-distance migrant European 
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lines, using a common garden set-up. Additionally, we investigated 
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regimes. We measured annual cycles of hemagglutination, hemoly-
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 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Escherichia coli and 
Staphylococcus aureus $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ity against E. coli. We conclude that annual cycles in constitutive im-
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ple mendelian rules, and that some immune measures are relatively 
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Introduction
In seasonal environments ecological factors such as temperature, 
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lay 1988, Lovegrove 2003, Altizer et al. 2006). The physiology (Klaas-
sen 1995, Romero 20021  ( 58 2009) and life history 
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can result from a genetic organisation (Piersma and Drent 2003, 
MacDougall-Shackleton and Hahn 2007). An important physiologi-
cal system that relates to self-maintenance and survival, and that 
connects these life history traits with environmental factors is the 
"51996, Ricklefs and Wikelski 
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"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"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es (Schmid-Hempel 2003, Klasing 2004), and having a high immune 
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al. 2003, Martin et al. 2004, Owen and Moore 2006, Buehler et al. 
2008c, Pap et al. 2010 -7<2010). This variation 
"$0 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7)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"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51996, Nordling 
et al. 1998, 2000, Moreno-Rueda 2010), 
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"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 "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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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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5, 2000,=2002, Martin 2005, 
Altizer et al. 2006, Marais et al. 20111,#) &-
tent to which annual variation in immunity stems from phenotypic 
plasticity or is genetically engrained. Yet, if annual variation in im-
munity plays a role in the evolution of life history traits in different 
environments, one might expect that it has a genetic component.
If immunity is traded-off against other resource demanding life cy-



































, 2000, Moreno-Rueda 2010), seasonal 
(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distance and large annual reproductive output, characteristics 
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a small annual reproductive output, characteristics typically asso-
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demanding seasons such as migration or reproduction, immune 
"   $ 5    1997, Nord-
ling et al. 1998, Nelson et al. 2002, Martin et al. 2004, Owen and 
Moore 2008, Machado-Filho et al. 2010). If immunity is primarily 
 "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( "-
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$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2002, Maizels and 
A0 #2003, Marais et al. 2011), predictions for seasonal 
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ent pathogen communities, compared with residents that stay in 
the same environment year-round (Møller and Erritzøe 1998). Thus 
far, most studies linking environment, life history and immunity 
(( "(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ment (e.g. Bonneaud et al. 2003, Ilmonen et al. 2003, Tieleman 
et al. 2005, Martin et al. 20071)  
investigating variation in immunity in two or three seasons is in-
creasing (e.g. Hasselquist et al. 1999, Møller et al. 2003, Martin et 
al. 2004, Owen and Moore 2006, Machado-Filho et al. 2010) few 
studies have included the perspective of the complete annual cycle 
(Buehler et al. 2008c, Pap et al. 2010 14$(-
 
large variation exists among annual cycles of immunity.
(" )-
ies, can result from the fact that different indices of immunity have 
 5!2004, Lee 2006). The immune system consists of 
a complex collection of interrelated and overlapping pathways that 
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;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"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$-
578$	 2003, Janeway et al. 2004, Lee and 
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Klasing 2004). In our study of seasonal patterns, we decided to focus 
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of defense against general challenges (Janeway et al. 2004, Buehler 
et al. 2008c). We included different aspects of constitutive innate im-
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of constitutive innate immunity (Tieleman et al. 2005, 2010, Mil-
let et al. 20071D "$"
cells (Matson et al. 20051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Distinguishing phenotypic from genetic variation of a trait is typi-
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and kept in a common environment, differences that one finds are 
#"  (  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 5
 1922, Gwinner et 
al. 1995a). Stonechats are an ideal study species for such studies: 
They are widespread (Urquhart 2002), occur in environments that 
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(Gwinner et al. 1995a, König and Gwinner 1995, Helm et al. 2009, 
Helm 20091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ner et al. 1995a, König and Gwinner 1995, Klaassen 1995, Wikel-
ski et al. 2003, Tieleman 2007, Helm et al. 2009, Tieleman et al. 
2009a, Helm 2009). A study of immune indices of stonechats in a 
 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 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 $$-
sent when they are kept in a common environment, suggesting a 
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We studied annual cycles in hemagglutination, hemolysis, hapto-
   "Escherichia coli and Staphylo-
coccus aureus of continental long-distance migrant Kazakh, temper-




































ment. Because of the differences in seasonality of the environments 
of origin and associated life history traits, we expected that seasonal 
(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    )     0# -






 "   51    "  ")
#$  $5	$1)-




Stonechats (Saxicola torquata) originated from three different loca-
*0#5B24) (S. t. maura1	$5B57) (S. t. rubicola), 
" 5B15) (S. t. axillaris). Kazakh stonechats migrate over 
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are short-distance migrants that lay two to three clutches with on av-
/(" 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"-
ally one clutch with three eggs (Helm 2002). In addition to these 
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) "  )0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$ $5B201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$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"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5B2119)/5B3315B4215B22) 
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5B51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 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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-&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  +" ! '"     #
 /(   7
5B35) (Gwinner et al. 1987). All individuals were fully grown, rang-
ing in age from 0 to 12"5B1371 ()0 
to 4"5B124). 
Birds were housed with 8-12 individuals per room and individuals 
were kept in separate cages. They were housed randomly assigned to 
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consisted of year-round constant temperatures of 20-22°C and day 




perature each week to mimic the average natural temperature cycle 
of free-living European stonechats (Figure A).
Measurements of immune indices
4;//( 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(  "
/(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< "2005 and March 2006: spring 
migration (24 < "E30-1  510 May – 2 June), 
moult (1 August – 17 August), autumn migration (11+ 78 No-
( 1) 524( E18< "1 -
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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2005), 
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(Gwinner et al. 1995 82005). Birds were checked twice 
a week for moult.
Complement and natural antibodiesE4 )-
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and stored the plasma at -80C6"4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/
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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 "-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/ 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-#   52005). We scored hemaggluti-
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agglutination or lysis were given half scores. Scoring of all scans was 
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Haptoglobin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with a commercial kit following the manufacturer’s instructions 
(Tridelta Development Ltd., Maynooth, Ireland). The kit uses a col-
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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mixed plasma and reagents in a 96% )$
  630 nm using a Molecular Devices Spectra Max 
340 plate reader.
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5Escherichia coli1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5Staphylococ-
cus aureus) (Millet et al. 20071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confounding effect of different antigen-exposure histories (Millet 
et al. 2007). In addition, they represent different response path-
ways of the immune system: E. coli      # $-
" "$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cascade, whereas S. aureus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"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$"5-
et al. 20071 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)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 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-
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ing Tieleman et al. (2005, 2010) and Millet et al. (20071 
we reconstituted lyophilized pellets of E. coli (Epower Microorgan-
isms, ATCC #8739, MicroBioLogics, St. Cloud, MN, USA) and 
S. aureus (Epower Microorganisms, ATCC #6538 MicroBioLogics, 
St. Cloud, MN, USA) following manufacturer’s instructions. Every 
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CA, USA) with 4mM L-glutamate. The assay was started when 30 
F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E. coli)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)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 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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7.5 minutes. For 
S. aureus we mixed 75 F  )225F  
30F S. aureus)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 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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S. aureus&)  3 hours. We chose the incu-
  "5

 $  1 ! & )    41°C and 
#" $70F"$"$
(Fluka, St Louis, MO, USA), in duplicate. To determine the num-
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We used R version 2.12.1 for statistical analyses (R development 
core team 20101 )" 5(7
Smirnov D < 0.07, P > 0.08), and we used mixed effects models for 
 " $      "




)  $ "




chats with models including treatment, life cycle stage, sex, age and 
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Genetic differences in annual cycles of subspecies 
and hybrid lines
!"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.. 2 P 2 P
A
L  * 16 30.48 0.02* 36.89 0.002**
S* 4 2.78 0.60 6.37 0.17
L  * 4 5.21 0.27 8.47 0.08
S 4 - - - -
L   4 - - - -
S 1 0.27 0.60 0.02 0.90
A 1 10.35 0.001** 18.43 <0.001**
B        
L  * 4 3.80 0.43 12.20 0.02*
T* 1 0.11 0.74 0.34 0.56
L  * 4 5.21 0.27 5.51 0.24
T 1 0.21 0.65 - -
L   4 7.12 0.13 - -
S 1 2.87 0.09 0.13 0.72
A 1 0.85 0.36 13.71 <0.001**
a Included as covariate in the model is the time between entering the room 
and completion of sampling.







   
S. aureusa,b
2 P 2 P 2 P
14.29 0.58 59.96 <0.001** 26.83 0.04*
6.94 0.14 5.08 0.28 7.87 0.10
1.51 0.82 3.35 0.50 6.69 0.15
3.91 0.42 - - - -
8.70 0.07 - - - -
2.79 0.10 2.03 0.15 0.38 0.54
1.50 0.22 9.60 0.002** 1.78 0.18
           
4.51 0.34 9.60 0.048* 4.42 0.35
0.13 0.72 0.28 0.60 1.56 0.21
4.92 0.30 3.58 0.47 5.86 0.21
0.72 0.40 - - 0.08 0.77
9.86 0.04* - - 34.89 <0.001**
0.72 0.40 0.56 0.46 1.39 0.24
0.10 0.75 7.94 0.005** 2.50 0.11
Table 4.1 – Statistics and P-values of life cycle stage, sex, age, the interaction life cycle stage*sex 
and (A) the interaction subspecies*life cycle stage, subspecies*sex and main effect subspecies, 
and (B) the interaction treatment*life cycle stage, treatment*sex and main effect treatment in 
analyses on hemagglutination titers, hemolysis titers, haptoglobin (mg/ml) and bactericidal ability 
(% cells killed) against E. coli and S. aureus. When the interaction terms subspecies*life cycle or 
treatment*life cycle stage are signiﬁcant, signiﬁcance of the main effects subspecies or treatment 
group and life cycle stage is not meaningful and is not shown. Results are from mixed effects mod-



































B16, P < 0.043D
 ; Figure ). Annual cycles in hapto-
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 "E. coli5
 A). Older 
      "   
 "E. coli.
Comparing subspecies
Hemagglutination – 6$   $  "
of hemagglutination differed among Kazakh, European and Ken-
"  5
 A, Figure A, Appendix A). Kazakh 
)  -
ing autumn migration, European and Kenyan stonechats showed no 
/    "  	$
 " 
the other seasons (Appendix A). Also, during spring migration, 
Europeans seem to have a lower hemagglutination than the other two 
 $
Hemolysis –! " ") $   $
0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	$ "
 5
 A, Figure B, Appendix A). Kazakh and 
European stonechats had a low lysis during spring and autumn mi-
gration. The decrease is more pronounced in Kazakh than European 
stonechats. Kenyan stonechats showed less annual variation, with 
$ "
/"5!$$&A). 
Haptoglobin E ! "  $     /-
"   $   "  / -
 $G"5




Bactericidal ability against E. coliE!"  "
against E. coli/"0#	$
"  5
 A, Figure D; Appendix A). Ka-




























































































Figure 4.1 – Annual variation of (A) hemagglutination, (B) hemolysis, (C) hapto-
globin concentration, (D) bactericidal ability against E. coli and (E) S. aureus of Ka-
zakh (black circles), European (grey diamonds) and Kenyan (white triangles) stone-
chats. Stonechats were kept at constant temperature and annually variable day 
length. Dots represent means ± standard error. Letters represent life cycle stages; 
S = spring migration, B = breeding season, M = moult, A = autumn migration and 



































high during the rest of the year (Appendix A). European stone-
)  "E. coli during spring mi-
  " )
Kazakh stonechats the rest of the year (Appendix A). The resident 
" )  "	"7
 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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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(Appendix !1")$  )
($) $
Bactericidal ability against S. aureus – !"  -
ity against S. aureus showed large variation among life cycle stages in 
 $$0#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$
"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 , Figure E; Appendix A). Kazakh 
 " #S. aureus   
period and a low score during autumn migration (Appendix A). 
The annual patterns of European and Kenyan stonechats had simi-
lar shapes, with peaks during moult and lowest values during spring 
and autumn migration (Appendix !1" 
Europeans have a slightly higher value than Kenyan stonechats. 
Comparing hybrids with parent lines
4$ ""  )  $-
tive parent lines, we found that hemagglutination, hemolysis and 
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Housing European stonechat under different temperature regimes 
affected two of the immune indices. The annual cycles of hemaggluti-
$   "S. aureus did not 
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Figure 4.2 – Annual variation of hemagglutination, hemolysis, haptoglobin con-
centration, bactericidal ability against E. coli and S. aureus of Kazakh (white circles), 
European (white diamonds) and Kazakh x European (black triangles) stonechats 
(A-E), and of European (white diamonds), Kenyan (white triangles) and European 
x Kenyan (black circles) stonechats (F-J). Stonechats were kept at constant tem-
perature and annually variable day length. Dots represent means ± standard error. 
Letters represent life cycle stages; S = spring migration, B = breeding season, M = 



































B, Figure C and E; Appendix B). Hemolysis of stonechats 
#$( 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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)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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"
"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#$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)
decrease during spring and autumn migration (Figure C, Appen-
dix 919 "E. coli showed an increase from 
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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 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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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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maintained this high level during the other life cycle stages, while 
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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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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ity against E. coli during autumn migration. As a result, spring mi-
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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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chats kept at constant temperature (Figure E, Appendix B)
Discussion
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  $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 )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cle stage demands and originating from environments that differ in 
seasonality maintained different annual cycles in hemagglutination, 
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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E. coli and S. aureus, when 
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that differed from parental stonechats. Some of these annual cycles 
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E. coli in Kazakh x European 
and European stonechats) and sometimes they were dissimilar to ei-
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Kenyan stonechats). Keeping stonechats at two temperature regimes, 
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S. aureus. However, he-
molysis showed less variation throughout the year in stonechats kept 
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Figure 4.3 – (A) Annual variation in temperature in standard and variable tem-
perature treatment groups. The dotted line represents the temperature birds were 
exposed to, the solid lines the measurement periods. (B) Hemagglutination, (C) 
hemolysis, (D) haptoglobin and bactericidal ability against (E) E. coli and (F) S. au-
reus of European stonechats kept at standard (white diamonds) and variable (black 
circles) temperature treatments and measured during ﬁve life cycle stages. Dots 
represent means ± standard error. Letters represent life cycle stages; S=spring mi-



































Continental long-distance migrant Kazakh stonechats show larger 
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environment, life history traits and physiology may underlie the 
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ing seasons and Kazakh stonechats generally produce large clutches 
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2001, Helm et al. 20091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 1998, 
Bonneaud et al. 2003, Martin 2005, Moreno-Rueda 2010, Pap et al. 
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sitions (Møller and Erritzøe 1998), and this may lead to changes in 
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not migrate (Dittami and Gwinner 1985, Helm 2009). The pathogen 
$&$$"( 
(       " &$-
rience only one environment. However, tropical environments have 
   "$0    $ 5-? 1998, 




stein et al. 2008, Helm 20091%&-
 ""
(((%& "=$""$-
ing on current environmental conditions. As a result, in a relatively 
 $(()(  
$("" ("
 $$#))$$
test these scenarios in the future.
8"  "E. coli 
) )$)
migration in long-distance migrant Kazakh and short-distance mi-
grant European stonechats. Spring migration shows similar dips in 
	$ 0#"+(
83
reported changes in immunity during migration periods. Changes in 
organ sizes occur due to migration, also in organs related to immunity 
(Møller and Erritzøe 1998, Bauchinger et al. 2005, Bauchinger and 
9  20061  %" 5Elaenia chiriquensis) het-
$)"$" 
$      5-7<  2010). In 
two species of migratory thrushes (Catharus ustulatus and C. fusces-
cens1) -
 ($$
 5+)-2006). These changes during migration 
in different indices in our study and the literature suggest shifts in 
immunity during these periods are a general phenomenon. However, 
when we consider all life cycle stages and restrict comparisons with 
other studies to the constitutive innate immune indices that we used, 
we encounter different patterns of annual variation in some species. A 
long distance migratory wader, the red knot (Calidris canutus), held 
in captivity, showed no variation in hemagglutination; hemolysis was 
)       "  
)D  "E. coli was high during migra-
 )59
2008c). In free-living temperate house sparrows (Passer domesticus), 
 )   (     -
)) )D
 &"  ")
$) )5$2010a). We found that 
  "S. aureus increased in European and es-
pecially Kenyan stonechats during moult. Few studies investigated 
("  -
ity against S. aureus *$)$-
tern was found (Pap et al. 20101 $(# 
 "))592008c). Therefore, we 
 ($& 
" $  (   
"
$7$/&$/ /-
munity versus other life cycle stage demands, and from the character-
istics of the environments that different species occupy. 
!"(" 
 $  $   )  )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heredity of the indices does not follow simple mendelian rules. The 
immune system consists of many components, each having their own 
 /5)"2004). The immune indices that we 
0 "":
 $   $7$/)#
them particularly useful for comparative ecological studies (Tiele-
man et al. 2005, Millet et al. 2007, Lee et al. 20081- -
says are functional measures that integrate many components, which 
$(&))  # 5

et al. 2005, Millet et al. 2007). The hemagglutination-hemolysis as-
" "$(")
(("$5+ J#2000, Janeway 
et al. 2004, Matson et al. 2005). The integrated nature of these im-
mune measures may also cause complexity of inheritance and may 
&$($ )" $-
 $
Temperature treatment did have an effect on the annual cycles of 
"  "E. coli, and not on those 
  $      " 
S. aureus 
   )  "  " 
  "E. coli in two temperature treatments is 
)(#$( $
showed less variation in these indices than stonechats kept at con-
stant temperature. Moreover, hemolysis was most dissimilar during 
) $)(" -
tween the two treatment groups. Our results suggest that in stone-
 (    " %
 " $     #$
( " $( " -
(
%& """$
to temperature was not found in the only previous study that looked 
at this: Buehler et al. (20081$" 
 " E. coli  ) # #$
( $)
that annual cycles of some immune indices (i.e. hemagglutination 
    " S. aureus) are rigid in stonechats, 
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ppendix 4.1 – Statistics of pair-w
ise post hoc tests be-
tw
een life cycle stages (A
) per subspecies and hybrid line 
and (B) per treatm
ent group. In the com
parison am
ong 
subspecies the interaction term
 subspecies*life cycle stage 
w
as not signiﬁcant in haptoglobin and results are not 
show
n. In the com
parison betw
een treatm
ent groups the 
interaction life cycle stage*treatm
ent w
as signiﬁcant in he-
m
olysis and bactericidal ability against E. coli, and w
e only 
perform






































































































































































Genetic modulation of energy metabolism in 





Proceedings of the Royal Society B. 276: 1685-1693 (2009)
Abstract
Despite their central importance for the evolution of physiological 
variation, the genetic mechanisms that determine energy expendi-
ture in animals have largely remained unstudied. We used quan-
(   /    7$/  )7-
  59-1) $(7 
population of Stonechats (Saxicola torquata $$1 
from three wild populations (Europe, Africa, Asia) that differed in 
BMR. This argues that BMR is at least partially under genetic con-
 "$#))
 $"$4       9- 
7 $  "   ) -
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genetic differences in the mitochondrial genome, these results set 




The genetic mechanisms that determine energy expenditure in ani-
mals are largely unknown, despite the central importance of meta-
  (""
$ $5,","1979, Sadows-
ka et al. 2005, Rønning et al. 20071  59-1
 $
and in the thermal neutral zone (King 1974), whereas others do not 
(Dohm et al. 2001, Nespolo et al. 2003, Nespolo et al. 2005), and only 
few demonstrate a direct response to selection on BMR (Ksiazek et 




BMR in three populations of Stonechats (Saxicola torquata spp.) 




 9-   " &" $   $ 
summed mitochondrial oxygen consumption, mitochondrial func-
 $(  $ #  )  $ 
)7 $-
ed set of candidate genes to impart genetic control. After accounting 
 "0(9-  
0 ""(51990, Konarze-
wski and Diamond 19951"5	8 
19851 :





























organ size accounted for variation in BMR (Tieleman et al. 2003a, 
Russell and Chappell 20071($ 
was associated with BMR (Brookes et al. 1997, Brzek et al. 2007), 
()$ )-
lular processes and whole-organism energy expenditure. 
-    90% of respired oxygen during the 
production of ATP, the molecule that powers such processes as pro-
tein synthesis, ion gradients, and actinomyosin ATPase (Rolfe and 
Brown 1997, Nichols and Ferguson 2002). The myriad of chemical 
reactions that supply electrons to the electron transport system in 
 $    "$     -
moregulation in endotherms (Rolfe and Brown 1997, Nichols and 
Ferguson 2002). Within mitochondria, the electron transport system 
   $ $& 5$&  1  -
quentially transport electrons and create a proton-motive force which 
drives ATP synthesis. The electron transport system contains 13 -
 "70 
nuclear encoded peptides that are imported into the mitochondria 
 )" 
to produce functional complexes (Blier et al. 2001, Ballard and Rand 
2005, Das 2006). Proteins containing mitochondrial DNA-encoded 
polypeptides play crucial roles in the regulation of mitochondrial res-
$$&$!

$&5("6#1996, Bai et al. 2000). 
-"   !  "  
used as neutral marker in phylogeographic studies (Zink and Bar-
rowclough 20081    $$ 
idea that climatic conditions can provide a selective ecological gra-
dient that alter mitochondria haplotype, potentially changing mito-
chondria function and heat production (Matsuura et al. 1993, Mish-
mar et al. 2003, Ruiz-pesini et al. 2004, Ballard and Whitlock 2004, 
Ballard and Rand 2005, Zink 20051    5	   2004). 
Further, Fontanillas et al. (20051)$ )-
tochondrial haplotype and maximal nonshivering thermogenesis in 
white-toothed shrews from a lowland and an upland population, sug-
gesting selection on mitochondria in these two populations.
We exploited differences in inheritance of mitochondrial and nuclear 
         %
      $(7  $$  
93
(Saxicola torquata $$1  )
$$)  5*
Asia, Europe, Africa (Klaassen 1995, Wikelski et al. 2003, Tieleman 
200711)/$$;("(
     9-        7  -
$$ ( 
     
are compared with previous analyses for each of the three ancestral 
populations separately (Tieleman et al. 2009 14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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(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 52-
clear control”-hypothesis). (21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encoded components of the electron transport system in determin-
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coadaptation”-hypothesis, (Rand et al. 2004)). Next, we added quan-








in Europe, Africa and Asia, ranging from 71°N to 35°S (Urquhart 
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rubicola), Africa (Kenya, S. t. axillaris) and Asia (Kazakhstan, S. t. 
maura1    	$7! "   	$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Our study design provided us with two independent tests of the ef-
$/)7$/
9-" < 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$7! )-
ured 80 individuals of four different genotypic pairings including 45 
pure Europeans, 14 pure Africans, 11" )	$-
ers, and 10" )!<"	$
and Asians, we measured 29 individuals in addition to the 45 pure 
Europeans: 15 pure Asians, 5" )	$9 
" )!9 )(
in age from 8 months to 8 years, we incorporated age as a factor in 
the analyses. Individuals were kept in separate cages, in rooms with 
controlled temperature (20-22°61"&$ "	-
$ );540°N). We measured each indi-
vidual one to three times during winter (total 131 measurements), in 
the periods 9-13< "2005 or 24( 2005 - 13< "
2006$ ) 
)"(/ "
nighttime activity (Helm et al. 2005).
Metabolic rates
Laboratory setup and metabolic measurements E +   
the start of experiments we removed water and food from cages, to 
 )$ $( 5
$  1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$
   13.57,    ) &  
7   $
)$$("$/4 
  )$
35°C ± 0.5°C, a temperature within the thermoneutral zone of Euro-
pean stonechats (Tieleman 2007). 
4   %)7 $"   +
2
-con-
sumption of stonechats (Gessaman 1987). Compressed air was 





(model 5850	9#8/!!1  500 ml/min, and 
 
!  &    $     7
7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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"05+&0 
",!1   -
tion of oxygen of the air stream. A stream of dry CO
2
-free air was 
used as reference air. We recorded atmospheric pressure, air temper-
  +
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7         
minutes, we calculated the lowest running average over ten minutes 
of data for BMR (Tieleman 2007). To calculate BMR from O
2
-con-
sumption we used equation (2) from Hill (1972) using a conversion 
factor of 20.1 J/ml O
2
 (Schmidt-Nielsen 1997). Birds were weighed 
"  (
weights are used in analyses.




Asian) mothers, and pure Africans (or Asians)) and tested differences 
in BMR among groups. We used a mixed model with individual en-
tered as random effect to incorporate multiple measurements on one 
third of the individuals (using MLwiN 2.021!& "
)   /&  )   #) 
7//&5N0.05) as our selection procedure 
(Crawley 199314)7)" $
7/  !  /   "  
models (all P > 0.29); we therefore omitted age from the models.
Calculation and interpretation of mass-speciﬁc BMR – We calculated 
7$/9-)79-( " "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(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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$
  (    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 7$/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rate (Speakman 2005, Tieleman et al. 200614 "
composition and mitochondrial density are the same in the different 
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Quantitative genetics analysis with animal models
PedigreesE47( $(
population over a 15-year period. For our quantitative genetics analy-
ses, we assumed that wild-caught nestlings collected from different 
nests were not related to each other, and that nestlings collected from 
the same nest had the same genetic father and mother. In captivity, 
 ($
offspring the genetic father and mother were known. After hatch-
#) "5 days and thereaf-
ter hand-raised. We had a panmictic population of stonechats with 
#) $       -
erations and among populations. The resulting pedigree included 
50 African, 127 European and 53 Asian individuals, in addition to 
21	$7!"  14 	$7!" 

 ) 0 (wild-caught) to 4, 
) 1 and 2. To indicate the 
 ()$($$)-
 ()$/
generation of captive individuals: 20 African, 43 European and 18 
Asian stonechats (Lynch and Walsh 1998).
Estimation of genetic parameters and statistical analysis – We estimat-
($ )
restricted maximum likelihood ‘animal models’ (Falconer and Mac-
kay 1996, Kruuk 2004) using the program ASReml 2.0 (Gilmour 








). The model included sex as fixed effect, 
 )&$"$
animal as random effect, taking into account repeated measures. 




 (Falconer and Mackay 
199614 ((-
sidual covariances, and correlations (r1

A
 was significantly 
97
larger than zero we compared the -2G#

A
 with one that did not. To test if estimates of r
A
 were 
significantly different from zero (or from 1 or –1), we compared 
the -2G#)
A
 fixed, and r
A
 either fixed at 
zero (or 1 or -1) or unconstrained. The corresponding significance 
levels were taken from a 27  
 ) $ 
additive genetic and residual variances across traits we calculated 
((56
A
) and residual variance 
56
R
) following Houle (1992).
The maternal inheritance of mitochondria might lead to a maternal 
$ 523"-
pothesis). To estimate the maternal genetic effect, we constructed an 
animal model that included mother as additional random effect with 
  (7(&  "  -
tive genetic relatedness matrix (Kruuk 2004). Likewise, we tested 
 (  5 "/ "  -
dom effect), paternal genetic and environmental effects, and perma-
nent environment effects (following Kruuk 2004). We calculated the 
27    )  72G#  
)) /
Mitochondrial DNA sequences
Generation of mtDNA sequences – DNA was isolated from muscle tis-
sue from two African and two European individuals using a stand-
$7$5 #1989). Sequences 
    )    " $"   
roughly 500 $$ "-
;! 5 $*::$$ :-
en/primers.html1$$)$ "
O. Haddrath and A.J. Baker. Both strands of each amplicon were se-
quenced using a Big Dye (version 3.0) Cycle Sequencing Kit (Applied 
Biosystems). Cycle-sequenced products were cleaned using Sephadex 
columns and nucleotide sequences determined using an ABI 3100 
Genetic Analyser.
Analyses of mitochondrial DNA – Because we were interested in dif-
ferences among populations in mitochondrial proteins as functional 
components in the electron transport system, we focused on a com-
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Clark 1996, Korzeniewski and Mazat 1996, Bai et al. 2000): Complex 
I (NADH 1-616$&56" 16$&56+71
6$& 5!
6 and 8). We explored if the sequence differ-
  )  	$  ! $$  
$ "   $ 7
synonymous, variation. We present results for individual mitochon-
drial genes in Appendix ".
Finally we looked for evidence of selection leading to divergence in mi-
tochondrial DNA among stonechat populations using McDonald-Kre-
itman (MK) tests (McDonald and Kreitman 1991) to compare the ratio 
of amino acid replacement variation to synonymous variation within 
$)    $  "" (  -
)&") ;)
under different types of selection this ratio should differ from one. The 
direction and degree of departures from this neutral prediction were 
;/)" &51996). As-
suming that synonymous sites are evolving neutrally, NI < 1.0 indicates 
an excess of amino acid divergence, which is inferred to result from 
positive selection, whereas NI > 1.0 indicates an excess of amino acid 
polymorphism resulting from purifying selection.
Results
Heritabilities and genetic correlations of body mass 
and metabolic rate
Estimates of h2 7$/9-)79-
 "( )0.36 and 0.70, and all additive genetic var-
)/"  05
 "). Furthermore, 
)/"1 (or -1 for 
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  "; Figure "). Further, 







































































sia, including hybrids). A
. Estim
ates of ad-
ditive genetic variance (V
A ), residual variance (V
R ), heritability (h
2), coefﬁcient of additive genetic variation (C
V
A ), 
and coefﬁcient of residual variation (C
V
R ). P-values (w
ritten as exponents) indicate one-tailed signiﬁcance of dif-
ference from
 zero for estim
ates of V
A . Sex w
as included as ﬁxed factor for all traits (see M
ethods). B. Phenotypic 
correlations (in italics) and additive genetic correlations (rA ). A
bove the diagonal, P-values denote tw
o-tailed signiﬁ-
cance of differences from
 zero (P
0 ) for estim
ates of rA , and one-tailed signiﬁcance from
 1 (P
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5
  "; Figure "). Analysis of the European-African data set 
(Figure "!1 ) 7$/9-) /" -
 "$52B35.88B3, P < 0.00011 "&52B8.76, 
 B1B0.003). Post-hoc analysis supported the mitochondria-
nuclear coadaptation hypothesis and failed to support the mitochon-
"$*)" $
/"$
lines (African × European vs African × African, 2B19.18B1, P 
< 0.0001; European × European vs European × African, 2B12.27, 
B1B0.0005; European × African vs African × European, 2B
5.96B1B0.015). 
The analysis of European and Asian stonechats duplicated the group-
	$! *'$-
/"7$/9-52B9.56B3B0.023), 
 &52B2.80B1B0.09; after deleting the interac-
tion group × sex, 2B7.35B3B0.062). Post-hoc analysis re-
(/ ) " "$5	$
× Asian vs Asian × European, 2B4.15B1B0.04), and did not 
support a maternal effect that would indicate mitochondrial control 
(European × European vs European × Asian, 2B4.71B1B
0.03; Asian × European vs Asian × Asian, 2B3.53B1B0.06).
No maternal and paternal effects on metabolic rate 
Maternal (or paternal) effects occur when the phenotype of the moth-
er (father) affects the offspring phenotype in ways additional to the 
( "(-
tally determined, the latter for example through maternal invest-
ments in eggs. We tested for a maternal genetic effect in analyses of 
the mitochondrial control hypothesis. Because visual inspection of 
results (Figure "1$ $)
also to test the paternal genetic and environmental effect, maternal 
environmental effect, and permanent environment effect. None of 
)/5
 ").
Mitochondrial DNA sequences differ between  
European and African populations
Comparing the mitochondrial DNA of European and African stone-




(  ) B 
1 (g) W- 2 ( d-1)
M- 
 ( d-1 g-1) n, N
A  A 18.0 ± 2.44a 22.3 ± 1.83 1.26 ± 0.144 19, 14
A  E 15.0 ± 1.39b 22.3 ± 1.33 1.50 ± 0.191 18, 10
E  A 16.1 ± 2.89c 21.9 ± 2.24 1.38 ± 0.166 22, 11
E  E 14.3 ± 1.73b 22.0 ± 2.34 1.55 ± 0.184 72, 45
1  Body mass was signiﬁcantly affected by group (2 = 38.95, d.f. = 3, P < 0.0001) and sex (2 = 
16.52, d.f. = 1, P < 0.0001). Identical letters written as exponents indicate non-signiﬁcant differ-
ences between groups, with a post-hoc test.
2 Whole-organism BMR: Without including body mass as covariate, whole-organism BMR was not 
signiﬁcantly affected by group (2 = 0.34, d.f. = 3, P = 0.95) or sex (2 = 2.59, d.f. = 1, P = 0.11). 
When including body mass as covariate, the model included the interaction sex x body mass (2 
= 5.90, d.f. = 1, P = 0.015), body mass (2 = 11.22, d.f. = 1, P = 0.0008), sex (
2
 = 5.56, d.f. = 1, P = 
0.018), and group (2 = 9.37, d.f. = 3, P = 0.025). 
B
P  
(  ) B 
1 (g) W- BMR2 (d-1)
M- 
BMR ( d-1 g-1) n, N
E  E 14.3 ± 1.73a 22.0 ± 2.34 1.55 ± 0.184 72, 45
E  A 14.0 ± 1.30ab 24.6 ± 2.77 1.76 ± 0.093 5, 5
A  E 14.2 ± 1.30ab 21.7 ± 1.54 1.55 ± 0.201 10, 9
A  A 13.1 ± 1.39b 21.8 ± 2.98 1.67 ± 0.223 18, 15
1  Body mass was signiﬁcantly affected by group (2 = 13.71, d.f. = 3, P = 0.003) and sex (2 = 19.45, 
d.f. = 1, P < 0.0001). 
2 Whole-organism BMR: Without including body mass as covariate, whole-organism BMR was not 
signiﬁcantly affected by group (2 = 6.92, d.f. = 3, P = 0.07), but signiﬁcantly differed between 
sexes (2 = 5.73, d.f. = 1, P = 0.0017). When including body mass, the model that remains after 
eliminating nonsigniﬁcant effects of sex (2 = 0.72, d.f. = 1, P = 0.40) and group (2 = 7.30, d.f. = 
3, P = 0.063), contains only mass (2 = 14.46, d.f. = 1, P = 0.0001).
Table 5.2 – Body mass, whole-organism and mass-speciﬁc basal metabolic rate (BMR) for 
four groups of stonechats with different parental conﬁgurations, originating from (A) the 
African and European populations and (B) the European and Asian populations. Values are 
































 "). Results from the M-K tests 
and values for the NI index indicate that overall purifying selection 
acts on amino acid-altering mutations in stonechat mitochondrial 
DNA although our small samle size limits the power of our analysis 
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DNA, and differ only in the mitochondrial DNA that they inherited 
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ences in mitochondrial DNA sequences, these results set the stage for 
further investigations of the genetic control mechanism determining 
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Studies on copepods (Tigriopus californicus), however, have shown 
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Figure 5.1 – Mass-specific basal metabolic rate (BMR, kJ d-1 g-1) of stonechats with 
different parental configurations, specified as mother x father. Origin is abbreviated 
as Eu – Europe, Af – Africa, As – Asia. Bars are SE, for sample sizes see Table 5.2. 
Identical letters indicate non-significant differences between groups, with a post-




























from loss of activity of those complexes in the electron transport 
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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((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and Burton 2006). In these copepods, impaired mitochondrial func-
("/ "  -
(($/;(
" ) /) 




chondrial and nuclear DNA varies and affects the functional or evo-
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rate to that of their father (Figure "1    &$ "
alternative mechanisms. Whereas the animal model analyses do not 
support paternal and maternal genetic or environmental effects the 
sample size is modest and as a result the power of these tests limited. 
Alternative explanations fall into three main categories: control by 
sex-chromosomes, genomic imprinting, and non-genetic maternal or 
paternal effects. Control by sex-chromosomes 
&7$/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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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does not differ among sexes. In our stonechats the direction of the 
sex effect differs among populations, with females having a higher 
7$/9-	$!$$
lower value in the Asian population, when compared with their male 
counterparts. Genomic imprinting (Wilkins and Haig 2003, Keverne 
20071$) "$-
nates over its counterpart from the other parent, can occur on sets of 
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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set of Z-chromosomes in male offspring. Applying these mechanisms 
to the results in this paper, the paternally inherited genes involved 
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rate. Finally, non-genetic maternal or paternal effects 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at present. 

 $  )!
! " 
$$  ( !   =  -
lection (e.g. Zink 2005, Ballard and Rand 2005). Our results imply 







production) and heat production (Matsuura et al. 1993, Mishmar et 
al. 2003, Ruiz-pesini et al. 2004, Ballard and Rand 2005, Zink 2005, 
Fontanillas et al. 200512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$3"$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tutions in mitochondrial DNA have on heat production. 
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lation separately (Tieleman et al. 2009 1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However counter-intuitive these results might seem, the data indicate 
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In conclusion, we have shown that whole-organism and mass-specif-
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ciprocal parental configurations demonstrate that mitochondrial-
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NS NI P (MK)
C I 2121 266 18 35 6 2.53 0.099
C III 380 35 38 4 11 2.53 0.161
C IV 1001 103 6 4 1 4.29 0.275
C V 282 41 5 5 0 0.00 1.000
C 3784 445 67 48 18 2.49 0.005
Table 5.4 – Numbers of codons, synonymous (S) and nonsynonymous (NS) substitutions, Neutrality 
Index (NI) values and P values for MK tests for genes which make up metabolic complexes of mitochon-
drial subunits. “Combined” refers to a data set consisting of all genes combined across all Complexes. 
See Appendix 1 for results per individual gene. Poly = polymorphic substitutions within populations; 






































ATP6 681 35 4 4 0 0.00 1.000
ATP8 165 6 1 1 0 0.00 1.000
COI 1539 52 1 0 0 NA NA
COII 681 26 0 2 1 0.00 0.103
COIII 783 25 5 2 0 0.00 1.000
CB 1140 35 38 4 11 2.53 0.161
ND1 975 33 3 2 1 5.50 0.283
ND2 1038 33 1 6 1 5.50 0.315
ND3 348 21 0 2 2 21.00 0.020*
ND4-1 1377 60 7 7 1 1.22 1.000
ND4L 294 11 2 2 0 0.00 1.000
ND5 1815 85 5 13 0 0.00 1.000
ND6 516 23 0 3 1 0.00 0.148
Appendix 5.1 – Numbers of sites analyzed, synonymous (S) and nonsynonymous (NS) 
substitutions, Neutrality Index (NI) values and P values for MK tests for individual mito-





Repeatability and individual correlates of basal 
metabolic rate and total evaporative water loss 
in birds: a case study in European stonechats
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ological traits can show large intraindividual variation at short and 
long timescales, yet natural selection can only act on a trait if it is a 
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among individuals, indicates if it is a characteristic feature of an in-
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	4,18 cap-
tive European stonechats (Saxicola torquata rubicola) within the 
) $ ")0.56 for BMR and 0.60 for mass-
$/9-! "/(-




$ 0.11 and 0.12, respectively. We conclude that BMR 
is a characteristic feature of an individual in our population of Euro-
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vironment (Klaassen 1995, Tieleman et al. 2003 4##  
2003), season (Weathers and Sullivan 19934 4
2000) and workload (Wiersma et al. 2005). These physiological traits 
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1988, Godfray et al. 1991). Several studies suggest 
that the variation in energy expenditure and water loss among species 
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 )51995, Tieleman 
et al. 2003 4##200318)(#) 
for physiological variation among individuals within populations of 
) $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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$"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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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
et al. 20012006). Physiological traits can show large 
$"$%& ")(5")#1
long (months or years) timescales (Piersma et al. 1996, McKechnie 
et al. 2007). Yet, selection of traits can only have evolutionary conse-
quences if the traits are characteristic features of an individual that, 
in addition, display interindividual variation within the population.
A common measure for the extent to which a trait is a characteristic 
($ "&$)$$
of the overall phenotypic variation, the sum of inter- and intraindi-
(( "((5,
Boag 19871($"$( $
into environmental variation, arising from external circumstances 
that affect the animal permanently, and genetic variation (Falconer 
and Mackay 19961 
 $ " "   $$
 "59#1989, Falconer and Mackay 1996, Dohm 
200217(("(" )$$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are widely used as measures of energy expenditure and water loss 
7$ (
or at different times of the year. BMR is defined as the minimum 
" &$   $ $(  
the rest phase and at thermoneutral temperatures (King 1974). It is 
























Daan et al. 19901("5 1998, Nudds and Bry-
ant 20011( "5-2001, 
- 20031   $"&$ "0
 "$51990, Piersma et al. 1996, Tieleman 
et al. 200316$() ($-
rative water loss (TEWL), the sum of cutaneous and respiratory wa-
ter loss, as yardstick (Dawson 1982, Williams 1996, Tieleman et al. 
20031




$ "9-591999, Hõrak et al. 2002, 
Tieleman et al. 2003 >042005a, Rønning et al. 
2005) and especially TEWL (Tieleman et al. 20031    
!7"$ " -
ed 6 estimates for avian BMR (Nespolo and Franco 2007). The study 







ence and magnitude can differ among populations. Compiling all 
( $ "9- )
values ranged from 0.00 to 0.87 and 22K$ )
7/6$( $ "

	4, )(0.00 to 0.73 and 
60K$ )7/5
 #). This vari-
$ "$$$
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  & )9-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in captive European stonechats (Saxicola torquata rubicola) during the 
)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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able 6.1 – Literature overview










































tures of a given individual at a given time of the year. This knowledge 
)$$ ("-
derlying physiological differences among environments and seasons.
Methods
Birds
  $ )  ) $  
(latitudinal range 71°N to 35°S) (Urquhart 2002), are ideal organ-
isms to study evolutionary questions related to seasonality and en-
vironment (Gwinner and Scheuerlein 1999, Helm et al. 2005). We 
measured BMR and TEWL of 18 stonechats from a central Euro-
$$$
)( ()/ 5B61  5B
215B41  -&#
for Ornithology, Andechs, Germany, and six were taken as nestlings 
/(75')
1987). Their ages were 15B7), 25B6), 35B1), 45B3), and 5 (n 
B1) years. Individuals were kept in separate cages, in rooms with con-
trolled temperature (20-22°C) and under wintering day length (48°N 
11C	1 
Free living European stonechats normally migrate in March and Oc-
 $)-4
$(()5B1415B4) times during the winter 
$ )7 2005 and 13< "2006. Average 
 );24.7 days (range 12-41 days). 
Winter is a quiescent period for stonechats (Helm and Gwinner 
19991* ) -
chats are nocturnal migrants, and show nighttime activity during 
the migratory periods even when kept in captivity. To verify that we 
" ;$)
activity with a passive infrared sensor. 
Laboratory setup and measurements
! )&$)()-
 $"(4( 
into 13.5   )&
 7 )
temperature of 35°C ± 0.5°C, within the thermoneutral zone of Euro-
pean stonechats (Tieleman 20071  
115
)$)$("$/&
water evaporating from feces from the measurements. 
4%)7$"+2-
consumption and H2O-production of stonechats (Gessaman 1987). 
Compressed air from a tank was pumped through the system, caus-
$($  !$
 7 7  /  ( )  6+2 and 
 ;" 7%)55850E, 
9# 8/ ! !1   500 ml/min. Before experiments 
) "7$  




The outgoing air passed through the dewpoint hygrometer to measure 
) ;"6+2 and H2O were removed using sil-
77/+2-content of the air was meas-
)&""05+&0 ",





ger (model CR23M6$ /,
!1
All BMR and TEWL measurements were done during night. We only 
  )$
       " ) +2-consumption and 
)$  
9-
from O2-consumption we used equation (2) from Hill (1972) using 
a conversion factor of 20.1 kJ/ml O2 (Schmidt-Nielsen 1997). TEWL 
was calculated following Tieleman et al. (200214) 
"  
the average of these two measurements for further analysis.
Statistical analysis and repeatability calculation
We performed multilevel random effects analyses in MLwiN 2.02, 
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4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-
  $ "   /&-
9#)7//&5N0.05) 
was used as model selection criterion. We used the likelihood-ratio 
test and 27(/
( " )(  )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man 2005, Tieleman et al. 20061)7$/(-
 "(9-
	4, " "
$ " ) )  ; $ " B 5-
terindividual variance)/(intraindividual variance + interindividual 
variance) (Lessells and Boag 198714   7  -
traindividual variances from the multilevel models. Standard errors 
were calculated following Becker (19841
  $(-
ation in BMR with variation in TEWL, and with variation reported 
in the literature we calculated interindividual and intraindividual 
/  ( 561  6 B 5 (1:
(6)  "/((
per individual and then calculating standard deviation and mean of 
(((6)  "-
((6.))  "#
standard deviations and means per individual. We compared the in-
(6.9-
	4,)J51996) and the 
(6.)4&514). We repeated all 
statistical calculations using log-transformed values for BMR, TEWL 
 "9$(/
 9- " 52B0.16 vs. r2B0.18) and TEWL 








6.   7  -
dividual level equaled 7.9 and 6.4, respectively. This indicates that 
  7  ( (   "    
considered when evaluating variation in BMR and TEWL.
Basal metabolic rate
479- / $ "0.56, indi-
cating that intraindividual variation was relatively small compared 
)((5
 #; Figure #A). Inter- and in-
(6.)7.7 and 4.8, respectively.
4&$$"%(9-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fect on variation in BMR (Figure #D
 #!1/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9-(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 "1 /-
 $ " 0.60 5
 #). Interindividual variation was 
/"   "  52
4
B12.696 B0.0131     " &
(2
1




$ "0.33 ± 0.19 (2
1
B2.676B0.11). 
Total evaporative water loss
$ ")7
	4,)0.11 ± 0.21, indicating 
that intraindividual variation is relatively large compared with inter-
((5
 #; Figure #B). Inter- and intraindivid-
6.)9.6 and 11.3 respectively.
&( "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Difference in repeatability between BMR and TEWL
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relatively low interindividual variation, compared with BMR.
Discussion
9-)$ 
  (  )  "     
with hatching location and sex. In contrast, TEWL was poorly re-
$ (") "
&9")$"$ $$-
lation as well, indicating that it varied more within than among in-
dividuals. In the following section, we will compare our results with 
/   % $ "-
nisms, and discuss repercussions for the evolutionary potential of 
these physiological traits. 
+$ "9-)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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8 out of 10 
$$)9-$ 5
 #). The interindivid-
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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high, the power for detecting individual consistency is low, unless in-




lowest reported so far, and the study has consequently low power for 
concluding that TEWL is inconsistent within individuals. Body mass 
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this factor (Figure #). Older stonechats had a higher BMR. This 
result is in contrast with the only three other studies that investigated 
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)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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  )9-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  2005, Moe 
et al. 2007) and one found a decrease with age (Broggi et al. 2007). 
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1998, Even et al. 2001, 
Speakman et al. 2002, 20041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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 )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Body mass did not correlate with TEWL at the inter- or intraindivid-
ual level in our stonechat population; yet, it did correlate with BMR. 

( "9-)(" -
   "$$"0
) (" (  #"










































Figure 6.2 – (A) BMR and (B) TEWL in relation to age. Triangles represent average BMR and 
average TEWL of individuals.
Figure 6.3 – Partitioned variances of BMR and TEWL and the factors that signiﬁcantly ex-
plained part of the variances. White is the variance among individuals, grey is the variance 
within individuals. 39% of the within-individual variance and 14% of the among-individual 


























(additional) changes at the tissue level, such as mitochondrial density 




of these criteria are met for BMR in most avian populations studied, 
including the stonechats of this study, and for TEWL in a third of 
($$&5
 #). 
The next step in understanding the potential for selection in these 
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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 " ")
 58"1998, Johnson 2000, Nespolo 
et al. 2003, Ksiazek et al. 20041" $5?
et al. 20071! 
9- &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5?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al. 2005), we can conclude that an evolutionary interpretation of the 
mechanisms underlying variation in BMR, for example among sea-
sons and populations, is appropriate. TEWL is as yet a less studied 
 $ "$$
($)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 (-
ary understanding of this trait.
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approaches help unravel the complexity of the 
immune system in an ecological context
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Abstract
The immune system is a complex collection of interrelated and over-
$$$ 
)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plexity, researchers have devised multiple ways to measure immune 
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)" 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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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lem. One challenge facing ecological immunologists is the question 
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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 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sized to facilitate meaningful interpretations and conclusions. We 
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aspects of immune function are related at different organizational 
levels. We analyzed three distinct datasets that characterized 1) spe-
cies, 21  $ 3) among- and within-individual level dif-
ferences in the relationships among multiple immune indices. Spe-
/" )   $$ $ " 566!1
and two simpler approaches, pair-wise correlations and correlation 
circles. We also provide a simple example of how these techniques 
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lead to several general conclusions. First, relationships among indi-
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  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fore further analyses. Second, simple statistical techniques used in 
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statistics alone. Moreover, these simpler approaches have potential 




Background: One problem, many solutions 
The immune system is a complex collection of interrelated and 
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immune system these solutions include relatively general and con-
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iours (induced innate immunity), and more specific and induced 
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acquired immunity; (Murphy et al. 2008)). Organisms employ these 
multiple mechanisms to prevent and limit the effects of disease. Im-
$&")($$ -
ers interested in studying immune function in an ecological con-
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(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 "
captured using a single measure (Adamo 2004, Martin et al. 2006, 
Matson et al. 2006a, Lee 2006). Furthermore, incongruence is of-
 )()
study. For example, in house sparrows (Passer domesticus) phyto-
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58!1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) 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cell challenge (SRBC) are negatively correlated with survival (Gon-
zalez et al. 1999, and see Buehler et al. 2010 for a review of other 
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methods to measure immune function and to analyze the resulting 




function and providing appropriate statistical tools to analyse these 
data have proven difficult. 
To understand how ecological immunology achieved its current sta-
tus, it is useful to review why ecologists study immunology and what 
led them to devise multiple ways to measure immune function. First, 
ecologists are interested in understanding natural variation in im-
((7 /$-
spective within an ecological and evolutionary context (Sheldon and 
19961 "-
sional, ecologists often want or need to quantify multiple aspects of 
immune function to fully answer a research question. Furthermore, 
for practical and philosophical reasons, ecologists are interested in 
)5"1 &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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ured separately (Matson et al. 2006a). Third, ecologists are interest-
ed in whether relationships among aspects of immune function are 
)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0 0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levels (e.g. from one individual, species, time point or environment 
to another). Some researchers suggest that selection or constraint 
may result in consistently correlated axes of immune defence (sensu 
Piersma 1997, Ricklefs and Wikelski 2002), while others suggest that 
%& "" $$/"$$
  $  
in different circumstances (Lee 2006, Buehler et al. 2010). In this 




lated among different organizational levels.
The field of ecological immunology needs analytical tools that can 
simultaneously summarize variation in multiple measures of im-
mune function. Few studies have empirically examined relation-
$ "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logical knowledge from humans, domesticated animals and other 
model systems (reviewed in Lee 2006, Clark 2008, Murphy et al. 
2008, Buehler et al. 2010) or rooted in life history hypotheses (e.g. 
Ricklefs and Wikelski 2002). When undertaken, multivariate stud-
ies in ecological immunology often apply different statistical ap-
proaches and include different immune indices. For example, sim-
$  (     & $ 
aspects of immune function (Mendes et al. 2006, Sparkman and 
Palacios 2009) and among measures of immune function and an-
tioxidants (Hõrak et al. 2006, 2007). Principle component analysis 
56!
 %"  (1 
to examine relationships among immune indices within an axis of 
immune function (e.g. constitutive immunity Matson et al. 2006a, 
Buehler et al. 2008  2008c, 2009) and among multiple axes of 
immune function (Martin et al. 2007). Thus, the field of ecologi-
cal immunology lacks a statistical protocol for analysing and sum-
marizing variation in multiple measures of immune function. This 
" $   "  ;  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morphological traits (e.g. Ackermann and Cheverud 2000, McCoy 




tion of multivariate tools. For example, PCA and structural equation 
modelling (SEM, Tomarken and Waller 20051 &-
ine how immune indices are correlated within a single group, and 
common principal components analysis (CPCA, Flury 1988, Phillips 
and Arnold 19991 &)
in the same way among multiple groups. However, in order to employ 




among immune indices are the same in the different groups. To our 
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immunology, and although ecological immunologists have used 


































explore the usefulness of CPCA in this paper, and we illustrate the 
value of statistically simpler methods, such as pair-wise correlations, 
as complements to complex multivariate techniques. Although we do 
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	-)$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) 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Principal component analysis (PCA) and its assumptions
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(Quinn and Keough 2002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data taken from multiple measures of immune function and to ex-
amine how the PCs vary over the annual cycle (Buehler et al. 2008c), 
 )(5-2006a, Buehler et 
al. 2008c, 2009), and among species (Matson et al. 2006a, Martin 
et al. 2007). However, determining relationships among indices at 
these different organizational levels often requires pooling data from 
different groups (e.g. individuals in different months). 
PCA provides a multivariate description of data structure within a 
single group, not among multiple groups (McCoy et al. 2006). Previ-
" ) "$(-
tion into different levels (i.e. among species and among individuals 
(Matson et al. 2006a), or among individuals and over time (Buehler 
et al. 2008c). For example, variation in indices of immune function 
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ing to multiple groups (i.e. species (Matson et al. 2006a) or individu-
als (Buehler et al. 200811 "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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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-
$/8)(  $$  
(""$#$ 

our knowledge this assumption remains untested in the context of 
ecological immunology. Testing this assumption will provide new in-
sight into immunological covariation. Consistent relationships may 
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lar way in different groups. CPCA determines whether the variance-
covariance matrices among groups are structurally similar, and the 
method differentiates among degrees of matrix similarity. Immune 
indices could covary in a similar way among groups (i.e. the matrices 
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;1(")" )
the strength of covariation differing among groups (i.e. the matrices 
are proportional). Some immune indices could covary in a similar 
way while others covary differently among groups (i.e. the matrices 
 61<" 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unrelated (Flury 1988, Phillips and Arnold 1999). CPCA can serve 
  $)     ( ( 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CPCA (Houle et al. 2002). CPCA, like PCA, assumes that relation-
ships among the PCs are orthogonal. However, in ecology it is often 
unrealistic to assume that the underlying causes of the data struc-
ture are completely independent. For example, covariation in indices 
  "     "  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  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 <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when CPCA determines that PCs are not common among groups, 
the analysis does not identify which or how particular relationships 
( 582002). 
In light of the limitations of CPCA, it is also useful to employ simple 
pair-wise correlations. To summarize correlations, we plot correlation 
/ &$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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individually allows for visual evaluation of whether particular groups 
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a simple visual examination of how pairs of indices are related in 
general (the mean correlation) and whether correlations are consist-
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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(5)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individual or time points. In a correlation circle, all of the original 
(     6!  $  )   $-
pal components, which are represented as the x- and y-axes. Using a 
simple, hypothetical dataset with only two immune indices and two 
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posite. The fourth panel of Figure % highlights how important pat-
" 5 151)$$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relation circles allow for graphical examination of the relationships 
among indices, and the consistency of these relationships among 
groups and over time. This approach can supplement the pair-wise 
correlation approach. While that approach allows simultaneous eval-
 ($$6!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circles allow for simultaneous examination of covariation among 
multiple immune indices. 
We used these three methods to test the assumption of consistent 
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multiple species of waterfowl at a single time point (Matson et al. 
2006a), (21$ $$5$-




Matson et al. (2006a) measured 13 indices of immune function in 
10$))/($* -
tivity, leukocyte concentrations, hemolysis-hemagglutination titers, 
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7 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-
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 Escherichia coli 
and Staphylococcus aureus (anti-E.coli and anti-S. aureus capaci-
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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tions). We omitted hemolysis and hemagglutination titers against 
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2006a). 
We omitted antioxidant capacity in order to limit the examined indi-
131
S T
PCA Principal components analysis
CPCA Common principal components analysis
SEM Structural equation modeling
W 
ALCG Aleutian Canada goose
NABD North American black duck
CHPT Chilean pintail
SGPT South Georgia pintail
LATE Laysan teal
MUSC Muscovy duck
NENE Nene or Hawaiian goose
WWWD White-winged wood duck
S 
KXE Cross between Kazakh and European stonechats






MCS Microbicidal capacity against S. aureus
MCC Microbicidal capacity against C. albicans
MCE Microbicidal capacity against E.coli
L Complement mediated lysis
A Natural antibody mediated agglutination
H Haptoglobin-like activity

































ces to those with a primarily immunological function. We excluded 
)$ $05B2B1) were not 
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  )7$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 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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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set included eight species: Aleutian Canada goose, Branta canaden-
sis leucopareica 5!,6' B71D  !  # # Anas 
rubripes 5!9 B6); Chilean pintail, Anas georgica spinicauda 
568
B8); South Georgia pintail, Anas georgica georgica (SGPT, 
B8); Laysan teal, Anas laysanensis 5,!
	 B8); Muscovy duck, 
Cairina moschata 5-6 B5); nene or Hawaiian goose, Branta 
sandvicensis5		B8); white-winged wood duck, Cairina scutu-
lata 5444B8
 %). Although we also analysed the cel-
lular indices of immune function, these results are presented in the 
supplementary material only.
5$2) measured six indices of immune function 
 $)" $$$(
$* $"E. coli, 
S. aureus and Candida albicans, hemolysis-hemagglutination titers 
$ 7#("!()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a single quiescent period in the annual cycle (winter). The geograph-
"7  $   0# 5Saxicola 
torquata mauraB10), Europe (S. t. rubicolaB15), Kenya (S. t. ax-






Buehler et al. (2008c) measured 14 indices of immune function in red 
knots (Calidris canutus1$* 
capacity, leukocyte concentrations and hemolysis-hemagglutination 
titers. We restricted our analyses to the 27 (
entire study period of 11 consecutive months. We also restricted our 
analyses to eight indices of immune function: a single time point in 
 $5E. coli after 10 min, C. al-
bicans after 60 min and S. aureus after 120 min); concentrations 
of heterophils, lymphocytes and monocytes; and hemolysis and he-
   
#"
concentrations were excluded since they are the sum of the differen-
tial concentrations; eosinophil concentrations were excluded due to a 
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 0(D ")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Figure 7.1 – Simpliﬁed scenarios illustrating how correlation circles can be inter-
preted when relationships between variables among groups are similar (a), dissimi-
lar (b), or opposite (c). 
The ﬁrst vertical panel consists of a scatterplot showing the correlation between 
two indices in two groups (e.g. species, individuals or months). The next two panels 
show the resulting correlation circles for the two groups separately. The fourth pan-
el shows the relationship given when the two groups are combined, and highlights 
how important patterns may be diluted (B), or missed (C). In the correlation circles, 
vectors are loadings for the two indices of immune function. The angle between 
two vectors gives the degree of correlation (adjacent = highly correlated, orthogo-

































used the transformed leukocyte concentration data to ensure nor-
mality and to maintain consistency with Buehler et al. (2008c).
Anti-E. coli and anti-S. aureus capacities were measured in all three 
      " $ -  
(20061  $)    $" 
  $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52008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et al. (chapter 21) )$"%
 " 5$"1 $
Statistical methods
Common principal component analysis (CPCA): A statistical test of 
matrix similarity. Common principal component analysis is an ex-
tension of PCA that compares the structure of two or more covari-
     
 "    
the recognition that any two matrices can relate to one another in a 
complex fashion and that the two are not simply equal or unequal. 
CPCA determines whether matrices are equal, proportional, share 
   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$    
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of principal components shared can range from one to p-2, where p 
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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mation criterion (AIC). In the step-up approach, a null-hypothesis 
is iteratively compared to an alternative hypothesis. The compared 
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 ") ) )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lated matrices, and progresses through matrices that share one PC, 
that share more than one (up to p-2) PC, that are proportional, and, 
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and Arnold 1999).
We used the program CPC (Phillips 2000), which performs the anal-
"   "<" 5<"1988), to carry out CPCA. We used 
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matrices with 12 to 20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sons using a sequential Bonferroni correction (Rice 1989)). Because 
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the correlations into z-scores (Sokal and Rohlf 1995, page 5781 -
fore carrying out the t-tests. For waterfowl and stonechats, sample 
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groups) with the largest sample size were given a weight of 1 (adapt-
ed from Sokal and Rohlf 1995, page 42). We multiplied the z-trans-
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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correlations. Using these weighted correlations, we calculated means 
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negatively correlated (or consistently uncorrelated) in other groups. 
Pearson correlations, plots and t-tests were performed using R (R de-
velopment core team 2010).
Within-group principal component analysis (PCA) and correlation 
circles – We carried out separate PCAs and plotted a separate cor-
relation circle for each group at each organizational level (species, 
 $ (  $1  " &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relationships among indices and among groups. This analysis allows 
the examination of multiple dimensions at once (i.e. immune indi-
1 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$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 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in all groups. 
PCAs were performed and correlation circles were generated using 
the ade4 package in R (Dray and Dufour 2007). In every correlation 
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uncorrelated; zero or 180 ))(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complete positive or negative correlation. Consistent relationships 
among groups at a particular level (i.e. species, individual, month) 
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relation circles. While we only show correlation circles with PC1 
and PC2)&   
PCs 1 to 4 (not shown). Unless otherwise stated, all correlation cir-
cles resulted in the same conclusions as those showing PC1 and 
PC2 alone. 
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CPCA. Unlike Matson et al. (2006a) and Buehler et al. (2008c), we 
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H        
H L 2 .. P AIC
E P 0.570 6 0.9969 126.0
P CPC 62.021 24 <0.0001 137.4
CPC CPC(3) 4.524 6 0.6062 123.4
CPC(3) CPC(2) 19.496 12 0.0772 130.9
CPC(2) CPC(1) 15.393 18 0.6348 135.4
CPC(1) U 23.977 24 0.4629 156.0
U ---       180.0
Table 7.2 – Common principal components analysis (CPCA) of covariance matrices among 
waterfowl species for plasma-based indices of immune function. 
The Table shows Flury’s Decomposition of Chi Square using step-up and model building 
approaches (Flury 1988, Phillips and Arnold 1999). In the step-up approach at each step 
in the hierarchy the hypothesis labeled “higher” is tested against the hypothesis on the 
step below, “lower”. The hierarchy is built in a step-wise fashion starting with no relation 
between the matrices (Unrelated) and rising to CPC(1), then CPC(2), etc, through CPC, 
Proportionality, and Equality. The likelihood that a particular model is valid is given by the 
P-value, thus low P-values indicate a low probability that the higher model is better than 
the lower model (Phillips and Arnold 1999). The best solution can also be evaluated using 
the model building approach where the best model is indicated as the “higher” model in 
the row with the lowest Akaike information criterion (AIC). Both methods indicate that the 







































ous analysis and the current analysis are in agreement, then indices 
( 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5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correlated) or in opposition (if negatively correlated), at least in the 
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Results
Common principal component analysis (CPCA)
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structures for plasma components. The step-up approach suggested 
complete shared structure with differing eigenvalues (CPC), and the 
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 %). Among red knot individuals, the two approaches to CPCA 
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approach suggested that the matrices were unrelated, whereas the 
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Pair-wise correlations and boxplots
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immune indices are weakly and inconsistently correlated among 
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H        
H L 2 .. P AIC
E P 1.015 5 0.9614 103.7
P CPC 47.044 25 0.0048 112.7
CPC CPC(4) 8.443 5 0.1335 115.6
CPC(4) CPC(3) 4.514 10 0.9212 117.2
CPC(3) CPC(2) 10.241 15 0.8043 132.7
CPC(2) CPC(1) 13.959 20 0.8326 152.4
CPC(1) U 18.464 25 0.8221 178.5
U ---       210.0
Table 7.3 – Common principal components analysis (CPCA) of covariance matrices 
among stonechat subspecies.
The step-up approach (where a low p-value indicates a low probability that the higher 
model is better than the lower model) suggests that covariance matrices among sub-
species share all PCs, but have differing eigenvalues (CPC), and the model building 
approach (where the lowest AIC value indicates the best model) suggests that the 
matrices are equal (see Table 1 for a complete description of the step-up and model 
building approaches).
Table 7.4 – Common principal components analysis (CPCA) of covariance matrices con-
taining indices of immune function among individual red knots.
H          
H L   2 .. P AIC
E P 6.978 26 0.9999 1464.2
P CPC 281.317 182 <0.0001 1509.3
CPC CPC(6) 33.538 26 0.1471 1591.9
CPC(6) CPC(5) 64.881 52 0.1083 1610.4
CPC(5) CPC(4) 88.281 78 0.1998 1649.5
CPC(4) CPC(3) 152.434 104 0.0014 1717.2
CPC(3) CPC(2) 214.075 130 <0.0001 1772.8
CPC(2) CPC(1) 304.889 156 <0.0001 1818.7
CPC(1) U 317.835 182 <0.0001 1825.8
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(0.12<IQR<0.49  R B 0.32; Figure %1     &
had outliers. Furthermore, only one of the 15 mean correlation coef-
//"05!7,"D
 !%). 
Pair-wise correlations among knot individuals showed a similar 
  ( "  )   $   $
(0.20<IQR<0.61RB0.41; Figure %a). The most posi-
tively (lymphocytes-monocytes) and negatively (hemolysis-anti-E.
coli capacity) correlated pairs had whiskers that did not include zero, 
 ($08)(
the 28 relationships had mean correlation coefficients that differed 
significantly from zero (Figure %
 !%a). Within indi-
vidual knots over 11 &)#$))
than at any other level (0.09<IQR<0.55RB0.25; Figure 
% 1<6 of the 28 relationships were significantly dif-
 0 5
 !% 1 6 significant pairs, only 
one had whiskers that included zero and none had outliers. Thus, 
some indices were consistently correlated, either positively or nega-
tively, over the year.
Dotplots of individual correlation coefficients (not shown) indicat-
 )) $ 
 $<  #)  "
 5) ( 1 "  5
moult, wintering).




differed widely indicating that relationships among plasma (Fig-
ure %") and cellular (Figure A%) indices were generally inconsist-
ent among waterfowl species. For example, anti-E.coli capacity and 
hemagglutination were uncorrelated (perpendicular) in ALCG and 
highly correlated (parallel) in CHPT. An exception is the uncorre-
$5$$1 )$ "-
))$5% ")
 &<%1(  <%" indicated that 
immune indices that were related in the previous analysis (Matson 
et al. 2006a) were not related when the PCA was performed on each 
species separately.
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Table 7.5 – Common principal components analysis (CPCA) of covariance matrices con-
taining indices of immune function among 11 month within individual red knots.
H 
H L   2 .. P AIC
E P 2.189 10 0.9947 362.8
P CPC 122.267 70 0.0001 380.6
CPC CPC(6) 17.194 10 0.0702 398.3
CPC(6) CPC(5) 22.560 20 0.3109 401.1
CPC(5) CPC(4) 18.012 30 0.9583 418.5
CPC(4) CPC(3) 29.036 40 0.9004 460.5
CPC(3) CPC(2) 50.667 50 0.4471 511.5
CPC(2) CPC(1) 47.340 60 0.8823 560.8
CPC(1) U 53.495 70 0.9286 633.5


































































































Figure 7.2 – Boxplots showing correlation coefﬁcients for pair-wise Pearson cor-
relations between plasma-based indices of immune function among waterfowl 
species (n = 8, see Table 7.1 for abbreviations). 
Solid lines indicate the median, boxes the inter-quartile range, whiskers the 
range and open circles outliers. Lower variation (smaller boxes, whiskers and few 

































































































Figure 7.3 – Boxplots showing correlation coefﬁcients for pair-wise Pearson 
correlations between indices of immune function among stonechat (Saxicola 
torquata) subspecies (n = 12 to 20, see methods for sample size details and Table 
7.1 for abbreviations). 
Solid lines indicate the median, boxes the inter-quartile range, whiskers the range 
and open circles outliers. Lower variation (smaller boxes, whiskers and few outli-
ers) indicates more consistent correlations among subspecies. Asterisks indicate 
weighted mean correlation coefﬁcients (Sokal and Rohlf 1995) that differed sig-






































































































































































































































































































































































Figure 7.4 – Boxplots showing correlation coefﬁcients for pair-wise Pearson correla-
tions between indices of immune function (see Table 7.1 for abbreviations) in red knots 
(Calidris canutus) among individuals (A, n = 27 birds), and over time (B, n = 11 monthly 
measurements). 
Solid lines indicate the median, boxes the interquartile range, whiskers the range and 
open circles outliers. Lower variation (smaller boxes, whiskers and few outliers) indi-
cates more consistent correlations. Asterisks indicate mean correlation coefﬁcients 
that differed signiﬁcantly from zero after sequential Bonferroni correction (Rice 1989, 


































Figure 7.5 – Correlation circles for unrotated principal component analyses (PCA) on 
plasma-based immune indices among waterfowl species (see Table 7.1 for abbreviations). 
Vectors are the loadings on PC1 (x-axis) and PC2 (y-axis). Vector length indicates the 
strength of the relationship and the angle between two vectors gives the degree of cor-
relation (adjacent = highly correlated, orthogonal (90°) = uncorrelated, and opposite 
(180°) = negatively correlated). Shading indicates how the indices of immune function 
were grouped in a previous varimax rotated PCA performed with all species combined 
(Matson et al. 2006a). Indices having the same shading were associated with the same 
PC in the previous analysis. 
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Figure 7.6 – Correlation circles for unrotated principal component analyses (PCA) 
on immune indices among stonechat subspecies (see Table 7.1 for abbreviations). 
Vectors are the loadings on PC1 (x-axis) and PC2 (y-axis). Vector length indicates 
the strength of the relationship and the angle between two vectors gives the de-
gree of correlation (adjacent = highly correlated, orthogonal (90°) = uncorrelated, 
and opposite (180°) = negatively correlated). Shading indicates how the indices of 
immune function were grouped in a varimax rotated PCA performed with all sub-
species combined (see Table A7.5). Indices having the same shading were associ-
ated with the same PC in the combined PCA. Anti-C. albicans capacity correlated 
equally across two PCs in the pooled analysis (Table A7.5), therefore it has darker 




































"   )  "    $




%#1D   0#      ) $$
the vectors were short, indicating that they were not strongly cor-
related with PC1 or PC2. Examination of the first four PCs showed 
that they were positively correlated with a high loading on the third 
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vectors were short. Examination of the first four principal com-
ponents showed that these two indices were negatively correlated 
  6 5 )1 <" $  -
tination showed completely different relationships in the different 
 $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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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	M" 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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 
(  5<%#) indicated that immune indices that were 
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A %", see Matson et al. 2006a for method) clustered in some (e.g. 
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 $$"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 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  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among some indices were consistent among most red knot individu-
als (Figure A %a). However, not all indices were consistently related 
 (<&$  )"
"$"  5 19 and 24, 
Figure A %a). In this way, the correlation circle results supported 
 &$&$)) &5<%) 
are the same indices that group together in most correlation circles 
5 "$""1(   <
A %a indicated that immune indices that grouped together previ-
")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) "59
al. 20081       5 "$" 
"1 &$5 19 and 24). 
149
<"7$/$
among indices were relatively consistent through the year (Figure 
A% 1<&$ )"$""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indices that grouped together previously (Buehler et al. 2008c) again 
clustered fairly consistently when all months were analyzed separate-
ly (i.e. lymphocytes, monocytes; heterophils and anti-C. albicans and 
anti-S. aureus capacities, Figure A% 1
Discussion
To deal with the complexity of the immune system, ecological im-
munologists have devised multiple techniques to measure differ-
ent aspects of immune function in wild animals. In this paper we 
address the question of how multivariate immunological datasets 
   " "0  $  
groups at a particular organizational level (e.g. species or popula-
tions). Previously, researchers have applied multivariate methods 
to data that are pooled after statistically neutralizing any group-ef-
fect. However, the implicit assumption is that relationships among 
the assayed immune indices are similar in all groups. We tested 
this assumption using CPCA, and then employed pair-wise corre-
lations and correlation circles to delve deeper into the consistency 
and inconsistency of these relationships among groups. These 
statistical analyses range in complexity and in novelty, at least in 
terms of their use with multivariate datasets concerning immune 
function. Nonetheless, when packaged together and treated as a 
statistical protocol, these methods can serve as an important new 
) $$   (" 0-
tional levels.
Fresh insights provided by this novel statistical approach
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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 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when using previous analytical approaches. As a result, the presented 
protocol facilitates more-detailed conclusions than were previously 
$ 5-2006a, Martin et al. 2007, Buehler et al. 
2008c) and, thus, acts as a foundation for new hypotheses. We high-
) "$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Overall, the extent to which multivariate patterns are consistent 
among groups at different organizational levels varies. For example, 
relationships among immune indices differed from species to spe-
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made. For instance, patterns among immune defenses might typi-
" $$ $
fact, our results suggest that relationships among immune indices 
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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tern holds as additional datasets and analyses come to light, then it 
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&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timescales physiological mechanisms might limit plasticity and vari-
 ") (
time scales selection pressures might gradually reshape physiology 




of previous multivariate analyses of immune function. Matson et 
al. (2006a) pooled individuals across species and reported a general 
among-individual pattern, which parallels assay category. The cur-
rent approach, however, revealed that this use of pooling individu-
"%"7
($ "$952008c) pooled 
their data in two ways: 1) data points from a given individual were 
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 ""&7-
vidual patterns 2) data points from a given month were statistically 
corrected for individual to examine among-month patterns. Our 
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supported since we demonstrate that relationships among immune 
indices were consistent from one month to the next. On the other 
hand, statistically correcting for individual to examine annual pat-
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immune indices since we demonstrate that these relationships varied 
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from individual to individual. To summarize, if correlations are con-
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approach and the approach of pooling data across groups give simi-
lar results. However, if correlations are inconsistent across among 
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ference space and sample size. The general patterns derived from 
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ference (e.g. the order Anseriformes as opposed to the species Anas 
platyrhynchos). One caveat is that in pooled analyses disparities in 
sample sizes among groups can affect patterns: a well-represented 
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ments. While the groups we compared were generally similar in sam-
ple size, checking the consistency of correlations among groups is 
particularly important when sample sizes vary in such a way that one 
or a few groups dominate over many others. In the latter case, any 
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evaluations. Another caveat is that the value of a general pattern 




Immunological consistency and inconsistency among groups 
The statistical protocol outlined in this paper provided insights into 
consistencies and inconsistencies in the way that immunological in-
dices interrelate among groups. The usefulness of the protocol, how-




multivariate datasets unrelated to immune function. Nevertheless, 
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Among waterfowl species, the CPCA indicated complete common 
principal component structure. This result suggests that covari-
ance matrices are not statistically different among species. That is, 

































pooling individuals into a single PCA is valid (Matson et al. 2006a). 
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correlation circles provided no evidence for consistent immunologi-
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5B6-8 individuals), which 
can increase the likelihood of recovering shared covariance structure 
with CPCA even when little similarity actually exists (Steppan 1997). 
Consequently, we cannot unequivocally conclude that immunologi-
cal relationships are consistent within the tested species, and, the 
results seemingly invalidate the approach of pooling individuals of 
different species into a single PCA.
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complete common PC structure. That is, immunological relation-
$     $8)($7) -
  &$   $7$/    
 4)"
   $ ) 6  
   $ (    ) ! 66! -
cated shared PCs, the other methods cautioned against pooling all 
( $6!"
Among individual red knots, the two CPCA approaches gave highly 
divergent results. The step-up approach indicated that relationships 
among immune indices differed among individuals; the model-
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plots and the correlation circles showed that some immune indices 
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These inconsistent relationships, apparent upon graphical examina-
%$7$$$""&$
why this approach resolved that the matrices were different. Overall, 
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step-up approach suggested that immunological relationships were 
inconsistent at the individual level.
Among months, the two CPCA approaches and the two graphical ap-
proaches suggested that immunological relationships were consist-
ent. Furthermore, immunological relationships that were previously 





over the annual cycle (Buehler et al. 2008c), relationships among 
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within each month, indices A and B always correlate without regard 
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Future analyses: opportunities and challenges
The datasets we analyzed focused on indices of constitutive levels of 
innate immunity. Conducting similar analyses on datasets that in-
    )   ( <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Martin et al. (2007) present a dataset that includes indices of consti-
tutive innate immunity, acquired immunity, and induced responses. 
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er relationships among types of immune defences, which represent 
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However, application of the protocol presented here requires separate 
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the same individuals within each species. Unfortunately in Martin’s 
dataset different individuals were used (Martin et al. 2007).
Our analyses demonstrated the value of graphical examination of 
pair-wise correlations. In addition to serving the overall statistical 
protocol, the graphical examination of pair-wise correlations may also 
serve as a starting point for meta-analysis and the synthesis of sev-
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particular challenge in ecological immunology. Oftentimes, the num-
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or at least different protocols to measure immune function. 
We illustrate the potential value and pitfalls of graphical examina-
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Figure 7.7 – Dotplot showing correlation coefﬁcients for pair-wise Pearson correlations be-
tween indices of immune function (see Table 7.1 for abbreviations) in an analysis combining 
waterfowl, stonechat and knot datasets.  
 
Each correlation coefﬁcient for each species or subspecies is shown as a dot with its dataset 
of origin indicated in the shading. Waterfowl correlations are based on 5 to 8 individuals, 
stonechat correlations are based on 10 to 20 individuals, and knot correlations are based 
on 27 individuals. Asterisks indicate where weighted mean correlation coefﬁcients (Sokal 
and Rohlf 1995) differed signiﬁcantly from zero after sequential Bonferroni correction (Rice 
1989).
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was very little consistency in relationships among immune indices 
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Rohlf 1995), demonstrated that only two relationships (hemaggluti-
nation and hemolysis, anti-E. coli and S. aureus capacities) differed 
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sistently positive (e.g. in the hemagglutination and hemolysis pair, 
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another of -0.6 (ALCG)). 
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ical immunology community, in which research groups often focus 
on particular study species and customize immunological assays in 
one way or another. Second, recall that for the knot dataset we have 
multiple samples from each individual over an annual cycle. Because 
Buehler et al. (20081/()
selected only measurements that were recorded during a quiescent 
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Intra-annual patterns demonstrate the importance of explicitly stat-
ing when in the annual cycle samples were collected, if independent 
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Overall, the need for and utility of multivariate statistical methods 
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useful and informative when applied within individual studies. Ana-
lytical integration among datasets remains a challenge; meeting this 
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related to the collecting, processing and assaying of samples.
When considering the future of ecological immunology analyses, the 
potential importance of methods that can unite several multivariate 
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modelling (SEM) is a potentially powerful analytical method for 
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H        
H L 2 .. P AIC
E P 0.43 6 0.9986 102.5
P CPC 64.23 18 <0.0001 114.0
CPC CPC(2) 8.33 6 0.2152 85.8
CPC(2) CPC(1) 16.27 12 0.1792 89.5
CPC(1) U 13.21 18 0.7789 97.2
U ---       120.0
Table A7.1 – Common principal components analysis (CPCA) of covariance matrices 
among waterfowl species for cellular indices of immune function. The Table shows 
Flury’s Decomposition of 2 using step-up and model building approaches (see Table 
7.2 for details). Both methods indicate that covariance matrices among species share 
all PCs, but have differing eigenvalues (CPC). This CPCA is based on ﬁve matrices 
with six to eight observations per matrix because two species (NABD and MUSC) 


































V M T .. P  95% C  
A
L-MCE -0.227 -1.697 7 0.1336 -0.503 to 0.091
L-MCS -0.037 -0.187 7 0.8568 -0.469 to 0.409
A-MCE -0.015 -0.131 7 0.8992 -0.279 to 0.251
L-H 0.038 0.809 7 0.4454 -0.073 to 0.149
H-MCE 0.040 0.261 7 0.8017 -0.314 to 0.385
MCS-A 0.041 0.193 7 0.8528 -0.430 to 0.494
A-H 0.045 0.374 7 0.7196 -0.237 to 0.321
H-MCS 0.113 0.599 7 0.5682 -0.324 to 0.511
MCE-MCS 0.280 1.729 7 0.1274 -0.105 to 0.592
A-L 0.510 2.122 7 0.0715 -0.064 to 0.831
B
Eos-Mon -0.273 -1.491 6 0.1866 -0.629 to 0.178
Eos-Lym -0.043 -0.392 6 0.7084 -0.303 to 0.223
Lym-Mon 0.012 0.053 6 0.9593 -0.480 to 0.497
Het-Lym 0.064 0.344 6 0.7426 -0.373 to 0.478
Het-Mon 0.219 0.869 6 0.4184 -0.383 to 0.690
Eos-Het 0.416 1.158 6 0.2907 -0.456 to 0.881
Table A7.2 – Mean correlation coefﬁcients for pairwise Pearson correlations be-
tween plasma-based (A), and cellular (B), indices of immune function (see Table 
7.1 for abbreviations) among species of waterfowl (n = 8 for plasma-based and n = 
7 for cellular immune function). No mean correlation coefﬁcients were signiﬁcantly 
different from zero after sequential Bonferroni correction (Rice 1989, see text for 
statistical details).
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V M T .. P  95% C  
H-MCC -0.115 -0.837 5 0.4407 -0.439 to 0.235
L-MCC -0.058 -0.601 5 0.5742 -0.296 to 0.187
A-H -0.040 -0.536 5 0.6150 -0.230 to 0.152
A-MCC 0.038 0.448 5 0.6726 -0.176 to 0.248
H-L 0.085 0.711 5 0.5092 -0.219 to 0.374
H-MCE 0.096 1.288 5 0.2543 -0.096 to 0.282
MCC-MCE 0.101 0.893 5 0.4128 -0.187 to 0.373
H-MCS 0.114 1.345 5 0.2365 -0.104 to 0.322
A-MCE 0.118 0.886 5 0.4162 -0.222 to 0.433
MCC-MCS 0.119 1.353 5 0.2341 -0.107 to 0.333
L-MCE 0.160 1.582 5 0.1744 -0.101 to 0.400
A-MCS 0.196 1.810 5 0.1301 -0.083 to 0.446
L-MCS 0.243 2.077 5 0.0924 -0.059 to 0.503
MCE-MCS 0.396 3.395 5 0.0194 0.101 to 0.627
A-L 0.627 5.272 5 0.0033 0.360 to 0.798
Table A7.3 – Mean correlation coefﬁcients for pairwise Pearson correlations of 
indices of immune function (see Table 7.1 for abbreviations) among six stonechat 
subspecies. P-values indicating signiﬁcant difference from zero after sequential 

































V M T .. P  95% C  
A
Lys-MCEc -0.466 -7.477 26 <0.0001 -0.568 to -0.351
Lym-MCCa -0.177 -2.950 26 0.0066 -0.294 to -0.054
Lym-MCSa -0.179 -2.130 26 0.0428 -0.342 to -0.006
Lym-Lys -0.143 -2.868 26 0.0081 -0.242 to -0.041
Het-Lys -0.082 -1.286 26 0.2096 -0.211 to 0.049
Lys-Mon -0.080 -1.409 26 0.1708 -0.195 to 0.037
Agg-Lym -0.070 -1.071 26 0.2939 -0.202 to 0.065
MCCa-Mon -0.066 -0.835 26 0.4112 -0.225 to 0.096
Lys-MCSa -0.023 -0.369 26 0.7152 -0.152 to 0.106
Agg-Mon -0.003 -0.052 26 0.9590 -0.124 to 0.118
MCSa-Mon 0.007 0.105 26 0.9168 -0.133 to 0.147
Agg-MCSa 0.046 0.556 26 0.5827 -0.124 to 0.214
Agg-Het 0.046 0.735 26 0.4691 -0.082 to 0.172
MCCa-MCEc 0.079 0.923 26 0.3646 -0.096 to 0.249
Agg-MCEc 0.064 1.091 26 0.2852 -0.056 to 0.182
Lys-MCCa 0.072 0.880 26 0.3869 -0.095 to 0.234
Agg-MCCa 0.106 1.627 26 0.1157 -0.028 to 0.236
MCEc-MCSa 0.129 1.666 26 0.1078 -0.03 to 0.281
Lym-MCEc 0.129 2.301 26 0.0297 0.014 to 0.242
Het-Lym 0.192 2.904 26 0.0074 0.057 to 0.321
MCEc-Mon 0.226 3.104 26 0.0046 0.077 to 0.364
Het-MCEc 0.266 3.424 26 0.0021 0.109 to 0.411
Het-Mon 0.257 4.083 26 0.0004 0.130 to 0.376
Agg-Lys 0.273 3.912 26 0.0006 0.132 to 0.403
Het-MCCa 0.291 4.041 26 0.0004 0.146 to 0.424
MCCa-MCSa 0.320 4.035 26 0.0004 0.161 to 0.462
Het-MCSa 0.424 8.711 26 <0.0001 0.333 to 0.507
Lym-Mon 0.679 9.849 26 <0.0001 0.574 to 0.761
161
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B
Lym-MCSa -0.0709 -1.023 10 0.3302 -0.222 to 0.083
Lym-MCEc -0.0481 -1.090 10 0.3013 -0.146 to 0.050
Lym-Lys -0.0342 -0.677 10 0.5136 -0.146 to 0.078
Lym-MCCa -0.0154 -0.198 10 0.8471 -0.186 to 0.156
Agg-Lym -0.0076 -0.169 10 0.8690 -0.107 to 0.092
Agg-Mon 0.0188 0.264 10 0.7975 -0.140 to 0.176
MCCa-Mon 0.0529 0.702 10 0.4984 -0.115 to 0.217
MCSa-Mon 0.0808 1.061 10 0.3137 -0.089 to 0.246
Lys-Mon 0.0987 1.898 10 0.0870 -0.017 to 0.212
Agg-MCSa 0.1205 2.858 10 0.0170 0.027 to 0.212
Agg-Het 0.1331 1.777 10 0.1059 -0.034 to 0.293
MCEc-MCSa 0.1359 1.740 10 0.1125 -0.038 to 0.302
MCCa-MCEc 0.1405 2.156 10 0.0565 -0.005 to 0.280
Agg-MCEc 0.1525 2.337 10 0.0415 0.007 to 0.292
Lys-MCCa 0.1712 2.859 10 0.0170 0.038 to 0.298
Agg-MCCa 0.1768 3.571 10 0.0051 0.067 to 0.282
Lys-MCSa 0.1834 3.197 10 0.0095 0.056 to 0.305
Lys-MCEc 0.1875 3.974 10 0.0026 0.083 to 0.288
MCEc-Mon 0.2076 3.815 10 0.0034 0.087 to 0.322
Het-MCEc 0.2143 3.908 10 0.0029 0.093 to 0.329
Het-Lys 0.2545 3.563 10 0.0052 0.097 to 0.399
Het-Lym 0.2614 3.180 10 0.0098 0.080 to 0.426
Het-MCCa 0.3198 6.520 10 0.0001 0.215 to 0.417
MCCa-MCSa 0.3199 4.453 10 0.0012 0.164 to 0.460
Het-Mon 0.3591 5.940 10 0.0001 0.231 to 0.475
Agg-Lys 0.3677 4.101 10 0.0021 0.174 to 0.534
Het-MCSa 0.4366 9.823 10 <0.0001 0.347 to 0.518
Lym-Mon 0.5419 6.989 10 <0.0001 0.391 to 0.664
Table A7.4 – Mean correlation coefﬁcients for pairwise Pearson correlations of 
indices of immune function (see Table 7.1 for abbreviations) among 27 individuals 
(A), and over 11 monthly measurements (B) in red knots (Calidris canutus). P-values 
indicating signiﬁcant difference from zero after sequential Bonferroni correction 

































  PC1 PC2 PC3
H (2) 0.83 0.15 -0.16
H (2) 0.86 0.10 0.10
H (/) -0.13 0.20 0.86
E. coli (. ) 0.12 0.78 0.00
S. aureus (. ) 0.27 0.74 0.19
C. albicans(. ) -0.24 0.55 -0.55
E 1.59 1.53 1.10
Table A7.5 – Loadings and eigenvalues for a varimax rotated 
principal component analysis (PCA) on indices of immune func-
tion measured in stonechat subspecies. The analysis was per-
formed on data combined from six subspecies combined after 
statistically accounting for subspecies effects (see Matson et al. 
2006a for method).
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Figure A7.1 – Correlation circles for unrotated principal component analyses (PCA) on cellular 
indices of immune function among species of waterfowl (see Table 7.1 for abbreviations). Vec-
tors are the loadings on PC1 (x-axis) and PC2 (y-axis). Vector length indicates the strength of 
the relationship and the angle between two vectors gives the degree of correlation (adjacent 
= highly correlated, orthogonal (90°) = uncorrelated, and opposite (180°) = negatively corre-
lated). Shading indicates how indices of immune function were grouped in a previous varimax 
rotated PCA performed with all species combined (Matson et al. 2006a). Indices having the 



































Figure A7.2 – Correlation circles for unrotated principal component analyses 
(PCA) on indices of immune function (see Table 7.1 for abbreviations) measured 
in 27 individuals (A) and over 11 months (B) in red knots (Calidris canutus). Vec-
tors are the loadings on PC1 (x-axis) and PC2 (y-axis). Vector length indicates the 
strength of the relationship and the angle between two vectors gives the degree 
of correlation (adjacent = highly correlated, orthogonal (90°) = uncorrelated, 
and opposite (180°) = negatively correlated). Shading indicates how the indices 
of immune function were grouped in a previous varimax rotated PCA performed 
with all individuals (A) or all months (B) combined (Buehler et al. 2008c). Indi-
ces having the same shading were associated with the same PC in the previous 
analysis. Among individuals (A), monocytes correlated nearly equally across two 
PCs in the previous analysis (Buehler et al. 2008c), therefore it has darker grey 




The interplay between energetics and immune 
function in avian life histories: a synthesis
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Overall conclusions and outline of this chapter
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corticosterone and immunity, do not correlate in the same way 
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these physiological traits have not limited the evolution of life his-
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are partly correlated. This may indicate that life history evolution 
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physiological function that a population or species requires during 
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sonal demands of different life cycle stages leaves room for alternate 
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function. For example, environmental factors, such as food avail-
 " $$)  (")  
"" $$"
In contrast with a factor like day length, this type of environmental 
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may interact synergistically or antagonistically with the demands of 
a life cycle stage. Life history traits and annual cycles of physiology 
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environmental factors. 
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then integrate the findings of chapters 2, 3 and 4 using methods 
presented in chapters 6 and 7. Next, I investigate whether immune 
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in multiple life cycle stages. I also investigate whether the among-
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are consistent over the annual cycle using data form chapters 3 and 
4. Finally, I offer several potential avenues for further research that 
address some of the most exciting and promising questions that re-
main unanswered. 
Adaptations of physiology to different environments: a summary
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to have led to the Pace-of-Life axis (Ricklefs and Wikelski 2002). In 
chapter 2 we investigated whether constraints among physiological 
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cies of stonechats. If constraints among physiological traits and life 
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rate correlates with life history traits in stonechats (Klaassen 1995, 
Wikelski et al. 2003) and we use it as an indicator of Pace-of-Life. We 
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straints among physiological systems are not a driver of Pace-of-Life 
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fy a need to take environmental factors into account when mounting 
similar studies in the future.
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al. 1998, Wikelski et al. 2003, Bush et al. 2008>0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2011). 
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life history traits and originate from environments with associated 














in a common garden setup under a constant temperature regime, 
and we measured an additional set of European stonechats under an 
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immunity exists (Hasselquist et al. 1999, Møller et al. 2003, Owen 
and Moore 2006, Machado-Filho et al. 2010). Immune function 
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migration and reproduction (Møller et al. 2003, Machado-Filho et 
al. 20101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offs with other life cycle demands and/or variation in the pathogen 
pressure in the environment (Møller et al. 2003, Martin 2005). But 
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unknown. Because of the variation in life cycle stage demands and 
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pected variation in annual cycles in immunity. Keeping stonechats in 
a common garden setup allowed us to investigate whether annual cy-
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constant temperature. These results indicate that annual cycles of in-
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demands. Differences in environmental factors (e.g. annual variation 
in pathogen pressure) among locations of origin are likely candidates 
to have caused additional selection pressures. 
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In chapter 5 we investigated the mechanism that determines energy 
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2005). Mitochondria are important organelles for 
storing energy and thermoregulation (Rolfe and Brown 1997, Nich-
ols and Ferguson 2002). In the process of storage of energy peptides 
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dition to nuclear-encoded peptides (Rolfe and Brown 1997, Nichols 
and Ferguson 2002). A characteristic of the mitochondrial genome 
is that it is only inherited from the mother. To investigate the role 
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ropean mothers, and European x Kenyan with either European or 
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nuclear and mitochondrial genes. 
In chapter 6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(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)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ation of mass, BMR and total evaporative water loss (TEWL). We 















&$ "  (  "  $ "   )
measures (Lessells and Boag 1987). We also investigated sources of 
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an individual characteristic in stonechats. Sex did not and age did 
have an effect on variation in BMR among individuals. Body mass 
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In chapter 7 we investigated the usefulness of simple and multivari-
ate statistics to study relationships among immune indices, using 
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immune system is a multidimensional system and ecological immu-
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of immunity (e.g. Matson et al. 2006a, Martin et al. 2007, Buehler 
et al. 2008c, Pap et al. 2011). The interpretation of these multiple 
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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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summarize the outcome of these studies. We found that in the ana-
lysed datasets immune indices are relatively consistently correlated 
)( "(
of organization (e.g. species). Furthermore, we argue that often sim-
ple correlations are helpful in addition to more complex multivariate 
techniques for understanding what causes the variation in the often 
relatively small datasets at hand.
Life history and physiological traits in seasonal environments
I will now use the methods of chapter 6 and 7" -




of immune indices within individuals over a whole annual cycle. Sec-
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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ological traits. In chapter 2 we had found correlations among certain 
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to the winter season. In chapter 7 we showed that in red knots (Calid-
ris canutus1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)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3 and 4 
(annual cycles of BMR and immunity), I can investigate the correla-
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indices in different life cycle stages in stonechats as well. 
We have repeatedly measured the same individuals over the annual 




tain within and among individual variance from a model including 
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indices in Kazakh, European and Kenyan stonechats separately 
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This means that in Kazakh stonechats the indices are not consistent 
within individuals. In European and Kenyan stonechats the repeat-




measures over long time-spans (i.e. a year). Furthermore, the fact that 
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mune assays over short (i.e. weeks) and long (i.e. a year) time spans 
shows that they are individual characteristics (Buehler et al. 2008c, 
Tieleman et al. 2010D &).
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3 and im-
mune data from chapter 4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negatively with hemagglutination and hemolysis, the strongest cor-















differently in response to selection pressures of different (pathogen-
ic) environments (Horrocks et al. 2011). This potentially could have 
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the immune system. I investigate how hemagglutination, hemolysis, 
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The results of this analysis show that correlations of the immune in-
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 70.33 (European x Kenyan 
stonechats) and 0.53 (Kazakh stonechats). Also within other life cycle 





are also not consistent. Within Kazakh stonechats, the correlation 
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-0.415 10.53 (spring migration). Similar variations can 
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and that environmental factors can select physiological traits, to a 
certain degree independent of each other.
Future directions: uncovering connections between physiology, 
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Life history traits (e.g. clutch size and mortality) are limited to a sin-
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axis (Tieleman et al. 2004, Williams et al. 2010). The role of other 
physiological systems (e.g. the immune system) in the evolution of life 
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ment (Ricklefs and Wikelski 2002). Therefore, selective forces caused 
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are likely to also affect the other (Figure &). However, the evolution 
of life history traits may depend on a multitude of environmental 
factors and constraints among different physiological systems. I will 
give an example of how environmental factors and physiological sys-
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For simplicity, I will assume that pathogen pressure and immunity 
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a high investment in immunity to reduce the chances of sickness 
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pressure that would invest little in immunity would have a reduced 
life expectancy (see also Figure & in Horrocks et al. 20111 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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than diseases (e.g. as a consequence of cold temperatures in winter 
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munity depends on pathogen pressure in the environment (Horrocks 
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1997). In this example immunity and life history are constrained, 
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approach is to include measurement of environmental factors -such 
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sure- in evolutionary studies on physiology and life history traits. 
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and Lovette 2007), and predation risk (e.g. Page and Whitacre 1975, 
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Figure 8.1 – Correlations between mass-speciﬁc BMR and the hemagglutination, hemoly-
sis, haptoglobin, and bactericidal ability against E. coli and S. aureus in subsequent life cy-
cle stages for three subspecies of stonechats and two hybrid lines. Kazakh stonechats are 
represented by solid circles, Kazakh x European by grey squares, European stonechats by 
white diamonds, Kenyan x European stonechats by grey triangles and Kenyan stonechats 














has the potential to evolve in response to its immune defence (Hor-
rocks et al. 20111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is pathogenic in different environments. This is a crude assumption 
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(Troisfontaines and Cornelis 2005). These complexes, called type 
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(for a review of its function see Troisfontaines and Cornelis 2005, 
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secretion systems can help us compare pathogen pressures among 
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measured environmental factors, such as pathogen pressure, we can 
link them to physiological measures and life history traits. Also we 
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e.g. changing the pathogen pressure (Graham et al. 2011), and meas-








































Figure 8.2 – schematic representation of how environmental factors can shape 
physiology and life history traits over evolutionary time scales. Environmental fac-
tors can select for physiological traits, which in turn constrain life history traits. For 
example, in environments where food availability is generally low (e.g. deserts), 
birds that have evolved a low metabolic rate, thus requiring little food, will survi-
ve better. However, having a low metabolic rate may constrain birds from having 
a large clutch. Environmental factors can also select life history traits directly. For 
example, in environments with high food availability, birds that have evolved a large 
clutch size may have a higher ﬁtness. However, spending a lot of resources on off-
spring may limit the resources that can be spent on self-maintenance, e.g. immunity. 
Physiological systems also can constrain each other. For example, hormones can 
inﬂuence immunity. Also, biotic environmental factors can evolve under selection 
















ity that immunity and life history traits are somehow constrained. 
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understand the trade-offs and constraints within the immune system 




(Demas et al. 2011). As a consequence, many methods are not easy to 
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we used in this thesis to measure constitutive innate immunity are 
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stances. However, the constitutive innate immune system consists of 
many more cells, proteins and peptides (Janeway et al. 2004), many 
of which are still unexplored in non-model species. Recently, new 
( ($$
peptides. For example, Horrocks et al. (20111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to (comparative) ecological studies. 
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ing measurements of the acquired immune system can give us new 
insights in the constraints within the immune system, and among 
physiological systems and life history traits. A recent study compares 
certain signaling proteins of the acquired immune system, the cy-
tokine interleukin-6 (IL-61  )) $$ 5!
et al. 201016"# "
cells, and are involved in fever and sickness response (Janeway et al. 
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,76 
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the plasma upon infection, and concentrations of the molecule can 
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immunity will give us insights in how different arms of immunity 
are organized. This can help us understand how immunity and other 
physiological systems are constrained. 
Measurement of other physiological systems, especially those that 





in aging and mortality, an important life history trait (Harman 1956, 
Beckman and Ames 1998). Free-radicals are produced during me-
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system as well. At the same time, some indices considered as part of 
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rate, immunity and life history. Measuring a wider range of immune 
indices and/or a multitude of physiological systems in closely related 
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measurement of environmental factors, will increase our understand-
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A   
 




begin mei - 
begin septem-
ber
A   
 
1-2 3-4 2-3 1
A   
 
3 5 5 6



































als het eerste legsel mislukt, en leggen gemiddeld 3 eieren per legsel. 
+# (0
 $ $-
  $  +$ -& # 
voor Ornithologie in Andechs, Duitsland, hielden ze deze vogels 
onder zogenaamde common-garden omstandigheden. Dit houdt in 
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Fysiologie en levensloop eigenschappen: de aanpassingen van 
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corticosteron) en het immuun systeem met levensloop eigenschap-
pen is minder goed onderzocht. Koppelingen tussen deze twee sys-
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systemen en van levensloop eigenschappen die in de natuur voorko-
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koppelingen tussen fysiologische systemen de evolutionaire potentie 
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als de relatie in (onder) soorten (het evolutionaire product). 
Figuur 1: Gebieden waar roodborsttapuiten voorkomen, weergegeven in grijs. De pijlen geven de 
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richia coli, Staphylococcus aureus en Candida albicans te doden, 
hemagglutinatie en hemolyse van plasma en de concentratie hap-
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gedaan in de thermoneutrale zone wanneer de vogel niet verteerd. 
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staan in contrast met wat we zouden verwachten vanuit de theorie dat 
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vensloop eigenschappen die we terugvinden in de natuur: correlaties 
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lische eigenschappen op het niveau van individuen verschillen van de 
correlaties op het niveau van ondersoorten.  Dit doet ons vermoeden 
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seizoensvariatie onderzocht, door BMR van Kazachstaanse, Europe-
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van de twee ondersoorten waar ze van afstamden inlagen. Tempera-
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seizoensvariatie. De resultaten van dit hoofdstuk duiden erop dat er 
een genetische achtergrond is in seizoensvariatie, maar dat deze niet 
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steed aan veeleisende levensloop eigenschappen zoals reproductie of 
trek. De verklaring van dit fenomeen wordt wel gezocht in trade-offs 
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atie in het immuunsysteem ook een genetische achtergrond heeft, 
en dus in een evolutionair perspectief gezien kan worden, is niet 
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heeft, maar dat de overerving complex is. De complexe overerving 
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trekken de grootste verandering in immuun maten zien, en de rood-
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toren, zoals pathogenen druk. 
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genereren van energie. In het proces van opslag van energie worden 
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derverdeeld in een groep met Kazachstaanse moeders en een groep 
 	$1 ! \   =# 
$ $(9-0)()-
209
chaamsgewichts-gecorrigeerde BMR van de nakomelingen het meest 
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invloed heeft op het lichaamsgewichts-gecorrigeerde DNA, zouden 
we verwachten dat het BMR van nakomelingen tussen dat van de ou-
ders in zou liggen. Onze resultaten lieten zien dat lichaamsgewichts-
gecorrigeerd BMR niet tussen dat van de oudersoorten lag en ook 





twee soorten DNA. 
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duele eigenschappen op variatie in BMR en verdamping (Total Eva-
$(4,
	4,14  )
(  # 9-  
	4, 4   
0)  ( ( = #  ) $9-

	4,)+#  )0)#((
verklaard kon worden door het individu, met andere woorden, welk 
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immuun maten. Het immuunsysteem is een multidimensionaal sys-
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ate statistische technieken, die relaties tussen meer dan twee maten 


















sets, en dit zorgt ervoor dat voorzichtig omgegaan moet worden met 
de interpretatie van de resultaten van deze multivariate technieken. 
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tivariate technieken en met simpele statische technieken zoals cor-
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Onderzoek naar fysiologie en omgevingen
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Gedetailleerd onderzoek naar hoe fysiologische eigenschappen zich 
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gemeten, maar het immuunsysteem is veel groter. Zowel het aange-
   ()( "# (   




0#9=(  & 0  ## (
( #"
" -











#) # # 
de immuun-ecologie, waarmee de verscheidenheid aan micro-or-
ganismen in omgevingen gemeten kan worden. Dit wordt gedaan 
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Metingen aan meerdere aspecten van het immuun systeem en/of een 
verscheidenheid aan fysiologische systemen in gerelateerde soorten 









ders, vrienden en familie.
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thanks for writing an article together, that is now a chapter in this 
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in Groningen and on Schier, and for the Portuguese marmelada (my 
favourite). Nick, Arne and Liz, you started as PhD-students at more 
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It was nice to know that I was not the only one working crazy hours, 
and struggling with the last hurdles. I am really proud that we can 
defend on the same day, and am looking forward to the defence (and 
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diso, End of the Road). 
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Almut, Götz, Jildou, Sander, Jan K., Jan vd B., Christiaan, Maurine, 





van de cursus ecologische interacties gegeven. Hoewel het strikt ge-
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at conferences, and getting your (always positive) emails. I wish you 
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Living in the guesthouse was a lot of fun. Thank you Elli for all the 
midnight conversations, Irish coffee in Herrsching and drinks in 
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him I think I would have liked him. 
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zien, ondanks dat we iets verder van elkaar wonen.
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seum, 100 Queen’s Park Circle, Toronto, M5S 2C6, Canada.
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